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Pyrolysis Gas Composition for a Phenolic Impregnated
Carbon Ablator Heatshield
J. Rabinovitch,∗ V. M. Marx,† and G. Blanquart‡
California Institute of Technology, Pasadena, California, 91125, USA
Published physical properties of phenolic impregnated carbon ablator (PICA) are com-
piled, and the composition of the pyrolysis gases that form at high temperatures internal
to a heatshield is investigated. A link between the composition of the solid resin, and the
composition of the pyrolysis gases created is provided. This link, combined with a detailed
investigation into a reacting pyrolysis gas mixture, allows a consistent, and thorough de-
scription of many of the physical phenomena occurring in a PICA heatshield, and their
implications, to be presented.
Nomenclature
EDL Entry, Descent, and Landing
F Formaldehyde
FIAT Fully Implicit Ablation and Thermal Response
λ Mean Free Path (m)
LCA Lightweight Ceramic Ablator
LMS Low Molecular Weight Substances
MEADS Mars Entry Atmospheric Data System
MISP MEDLI Integrated Sensor Plug
MSL Mars Science Laboratory
P Phenol
PAH Polycyclic-Aromatic Hydrocarbon
PICA Phenolic Impregnated Carbon Ablator
σ Collision Diameter (m)
VKI von Karman Institute for Fluid Dynamics
Ablative heatshields, like the one recently used on the successful Mars Science Laboratory (MSL) mis-
sion, are designed to dissipate the high heat fluxes experienced during atmospheric entry through material
degradation. The heatshield is designed to undergo a phase change such that the thermal energy is dis-
sipated by the ablation of specific components in the heatshield. This translates into a heatshield that is
designed to recess upon entry into an atmosphere at hypervelocity speeds. A variety of lightweight ceramic
ablators (LCAs) were invented at the NASA Ames Research Center in the 1990s specifically designed for
this purpose. These materials are made of a carbon fiber pre-form impregnated with a phenolic resin. Some
examples of these materials designed for high speed atmospheric entry include phenolic impregnated carbon
ablator (PICA, developed at AMES in the 1990s and first used as the material for the Stardust forebody
heat shield, launched in 1999) [1–3], ASTERM (a PICA like material under development by Astrium through
ESA, starting in the early 2000s) [4, 5], and PICA-Xa (a PICA like material developed by SpaceX in con-
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†Postdoctoral Scholar, Division of Chemistry and Chemical Engineering, 1200 E. California Blvd. MC 164-30, AIAA Non-
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aSpaceX Manufactured Heat Shield Material Passes High Temperature Tests Simulating, http://www.spacex.com/
press/2012/12/19/spacex-manufactured-heat-shield-material-passes-high-temperature-tests-simulating, accessed
02/03/2014.
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junction with NASA). Sharpe and Wright [6] provide a review of materials used for applications in extreme
environments from the 1960s until the present.
Being able to accurately characterize and model these materials in simulations is necessary to safely
design a heatshield for a mission. Although this has been an active field of research since the 1960s [7–16],
the state of the art modeling tools used for high-enthalpy aerothermodynamic predictions leave room for
improvement. Prediction uncertainty is as high as 60% for laminar convective heating [17–20]. This in turn
necessitates the heatshield to be over-designed and more massive than needed, which takes away mass that
could be used towards other mission components, such as additional science payloads.
The goal of this paper is to perform a detailed investigation into the pyrolysis gases produced by a
PICA heatshield. Improving our understanding of the pyrolysis gas composition and the evolution of the
pyrolysis gases will aid in accurately modeling the performance of a PICA heatshield. The endothermic phase
change from solid to gas is designed to dissipate the high heat loads; modeling this effect is critical. In the
ablation community, there is currently a large disconnect between the physical properties of solid PICA, and
the pyrolysis gases that are created when PICA starts to undergo a thermal decomposition. For example,
there is little discussion in the published literature pertaining to the choice of elemental composition for
the pyrolysis gas mixture in numerical simulations, and why the elemental composition of the pyrolysis gas
mixture is assumed to be constant [1,21–25]. This is in direct contrast to experimental data that shows that
the elemental composition of the pyrolysis gas mixture varies with temperature [16, 26]. It should be noted
that much of the numerical work performed by NASA (for example, see [18, 21, 23, 24, 27, 28]) for modeling
the thermal response of PICA uses the fully implicit ablation and thermal response code (FIATv3) [29].
Material properties of high-performance ablators are subject to export-control restrictions, and therefore the
ablation and thermal property model used in FIATv3 is only available in the appropriate NASA technical
report, available to qualified U.S. persons.b No information from NASA/TM-2009-215377 is used in this
paper. Unfortunately, because of these restrictions, it is unclear as to which physical phenomena are included
in FIATv3, and why certain values are used (for example, the elemental composition of the pyrolysis gas
mixture, and why it is assumed to be constant).
Only recently have the numerical capabilities been developed to incorporate a reacting, non-constant
elemental pyrolysis gas mixture, with a full thermal response code [30]. To the author’s best knowledge, the
work performed by Lachaud and Mansour [30] is the only published study that accounts for non-constant
elemental composition of the pyrolysis gas mixture, while also accounting for the complicated porous flow
field internal to the heatshield. Despite these advances, a simplified chemistry model is used in [30] for the
computation to be feasible. On the contrary, this paper focuses on the thermodynamic and kinetic processes
related to the pyrolysis gas mixture, and simplifying assumptions are made for the fluid mechanics relating
to the flow of the pyrolysis gases. The focus is placed on better understanding the complicated chemical
processes occurring in the reacting pyrolysis gas mixture.
This work links solid PICA to the pyrolysis gases that form at high temperatures by compiling published
physical properties of PICA, and by explaining the fundamental processes that are involved with phenolic
resin synthesis and the thermal decomposition of the resin. This provides a necessary link between the
composition of the resin as a solid, the composition of the pyrolysis gases, and their evolution through the
pyrolysis layer. When modeling the pyrolysis gas mixture computationally, certain species must be chosen to
create a gas model. The inclusion or emission of species has a large effect on the pyrolysis gas composition, yet
there is a lack of literature explaining why certain species are chosen, and why others are neglected in previous
studies. The effects of choosing a specific gas species composition are quantitatively shown in this paper,
emphasizing the importance of choosing an accurate model for the pyrolysis gas mixture. Specifically, the
need to include large aromatic species in the gas mixture is emphasized, and physical phenomena associated
with aromatic species, such as solid carbon deposition, are investigated. The kinetic evolution of the pyrolysis
gas mixture is also investigated, and the assumption of thermodynamic equilibrium vs. finite-rate kinetics
is evaluated. This investigation into a reacting pyrolysis gas mixture allows a much needed consistent
and detailed description, of many of the physical phenomena occurring in a PICA heatshield, and their
implications, to be formulated. To begin, the following section outlines the many physical processes that
occur during ablation.
bMilos, F.S., and Chen, Y.-K., “Ablation and Thermal Property Model for Phenolic Impregnated Carbon Ablator (PICA),”
NASA/TM-2009-215377, Jan. 2009.
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I. Ablation Overview
The multi-component nature of ablation has been described previously in great detail, and many of the
modeling issues and uncertainties that are associated with it have been reviewed in previous works [23–25,
29–33]. Figure 1 shows a schematic overview of the physical phenomena occurring for an ablating heatshield.
While the scope of this work is limited to a detailed investigation of the pyrolysis gases formed through the
thermal decomposition of a phenolic resin (the type of resin used in PICA heatshields), it is still necessary
to be aware of all of the processes occurring during ablation. For example, certain species radiate more than
others at high temperatures, influencing the heat transfer to the heatshield. As a result, even though making
an error in the amount of strong radiators (C, CO, C2, C3, C5, C2H, H, CN)
c may not affect the global
properties of the gas mixture, the radiative heat flux would no longer be correct.
Virgin Material
Pyrolysis Layer
Char Layer
High Temperature Gas
(Shock-Heated) Boundary
Layer
Species 
Diffusion
Mass 
Transfer
Endothermic/
Exothermic 
Surface Reactions
Convective 
Heat FluxFailure 
Mass Flux
Surface 
Recession
Heat 
Conduction
Radiative 
Heat 
Fluxes
Figure 1: Schematic diagram (not to scale) outlining the many physical phenomena occurring for an ablative
heatshield. Red arrows refer to heat fluxes, while blue arrows refer to mass fluxes. Surface reactions can
involve both heat and mass fluxes, and are shown in orange.
The virgin material of the heatshield consists of temperature resistant carbon fibers impregnated with
a phenolic resin. The resin is composed primarily of carbon, hydrogen, and oxygen, and potentially small
amounts of nitrogen and other contaminants (based on the resin type and manufacturing process). As the
material is heated, the resin begins to decompose and vaporize. Many small gas bubbles are formed in the
material, and once the bubbles become connected, porous flow ensues. The gases produced are referred to
as pyrolysis gases, and are generated throughout the entire pyrolysis layer. As the temperature rises, the
pressure in the heatshield continues to rise, and the pyrolysis gases flow into the boundary layer. Some of
the thermal energy of the external flow is dissipated through this endothermic phase change. A “blowing”
phenomenon at the heatshield surface also adds a cooling effect to the flow, as the boundary layer is at a
higher temperature than the pyrolysis gases. Furthermore, the addition of the pyrolysis gases into the flow
affects many properties of the flowfield, including radiative properties, heat conductivity, flow field dynamics,
etc.
Another reason why phenolic resins have been found to be effective for these applications is due to the
carbonaceous residue that results from the thermal decomposition of the resin. This solid residue is generally
referred to as char. The solid char either adheres to the fibers inside of the heatshield (as shown in Fig. 1),
or is advected away through the boundary layer. The char layer (Fig. 1) refers to the area where all pyrolysis
reactions have come to completion, and the carbon fibers closest to the heat shield have been covered (to
cPrivate communications with Professor Alexandre Martin, University of Kentucky.
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some degree) with solid char. This highly emissive char can help radiate heat outwards, thermally insulate
the interior of the vehicle, and add to the structural stability of the heatshield itself [34]. Reinforcing the
original carbon fibers with this char material can also aid in reducing the amount of spallation that occurs
during atmospheric entry. It is possible for the fibers/char to ablate and enter the boundary layer in a
gaseous form, and it is also possible for spallation to occur, which adds solid carbon to the boundary layer.
The spallation effect is generally referred to as a failure flux, and is labeled in Fig. 1. A more detailed
description of PICA itself will be presented in the next section.
II. PICA Composition
Phenolic impregnated carbon ablators, as previously described, are a composite material that consist of
rigid, lightweight carbon fibers infused with a phenolic resin. A wide range of physical properties are reported
for PICA, and it is the goal of this section to compile previously reported values, in order to understand
the range of possible properties for this material. In addition, there is often a large disconnect between the
physical properties of PICA, and the pyrolysis gases produced from PICA at high temperatures. Without a
proper understanding of the composition of solid PICA, it is not possible to explain the composition of the
pyrolysis gases which are produced when PICA starts to undergo a thermal decomposition.
Phenolic resins are not limited to the aerospace industry, and are used for a wide variety of applica-
tions: from coatings, to adhesives, to carbon-less copy paper. In the year 2000, worldwide consumption of
phenolic resins exceeded 4 · 106 t [35]. Due to this demand, there is a large quantity of literature available
concerning phenolic resins, and phenolic composite materials (like PICA), from a pure chemistry or indus-
trial background. This work combines publicly available data from the aerospace community on PICA, as
well as knowledge from the chemistry community on resin synthesis/decomposition and reacting mixtures.
Combining knowledge from both of these fields allows a full picture of the thermal decomposition of PICA,
and the subsequent generation and evolution of pyrolysis gases to be formed.
Shifting back to aerospace, Tran et al. [3] report densities for PICA ranging from 14 to 17 lbm/ft3
(224 kg/m3 - 272 kg/m3). If surface densification is performed on the material, then the density can be
increased to 18 - 23 lbm/ft3 (288 kg/m3 - 368 kg/m3). In comparison, Avcoat-5026, the material used for the
ablative heat shields in the Apollo capsules, is a heavier material with a density of 32 lbm/ft3 (513 kg/m3).
Finally, Helber et al. [36] report that densities of ASTERM, an ESA material similar to PICA, range from
240 to 550 kg/m3. Figure 2, reproduced from Stackpoole et al. [37], shows micro-graphs of samples taken
from the Stardust heatshield. These images show the complicated microscopic structure of PICA, and how
the amount of resin still bonded to the fibers decreases from the virgin material (Slice 30) to the char layer
(Slice 1). Slice 6 and Slice 9 are taken from inside the pyrolysis layer.
Figure 2: Micro-graphs taken at different depths for the Stardust PICA heatshield. Depth increases from
left to right, where Slice 1 is close to the heatshield surface, Slice 6 is located∼ 5 mm below the surface, Slice
9 is located ∼ 9 mm below the surface, and Slice 30 shows the virgin PICA material. Image reproduced
from [37].
The following sections outline the expected physical properties for each individual component of PICA:
the carbon fibers, the phenolic resin, and the carbonaceous char that is created when the resin is heated to
high enough temperatures.
II.A. Expected Fiber Properties
PICA, as outlined by NASA, uses a fibrous ceramic substrate called Fiberform R© (manufactured by Fiberma-
terials Inc.), which consists of rigid, lightweight carbon fibers, designed to be resistant to high temperatures
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in vacuum [3]. This material is then impregnated with a phenolic resin. Tran et al. [3] report that the fibers
used have a diameter of 14-16 µm, and that the material (Fiberformr, fibers only) has a density ranging
from 8.5 to 11 lbm/ft3 (136 - 176 kg/m3). Information listed about Fiberformr Rigid Insulation is publicly
available,d and a density range of 150 kg/m3 to 230 kg/m3 is noted, which is similar to what Tran et al.
report in [3]. A room temperature porosity range of 80.2%–94.2% is also given.d
Helber et al. [36] have recently reported results on material response from ablation studies performed
in the von Karman Institute for Fluid Dynamics (VKI) Plasmatron [38]. A detailed study was performed
on ASTERM and other similar materials used by ESA. Properties for a material (carbon fiber pre-form
manufactured by Mersen Scotland Ltd.) similar to the pre-form used in ASTERM are given in the report [36].
The fiber diameter is reported to be d ∼ 6.5 µm, the fiber length is l ∼ 650 µm, density of the virgin material
is ρ ∼ 180 kg/m3, porosity is ∼ 90 %, and the specific surface area is ∼ 3.24 · 106 m3/m2, or 18000 m2/kg.
Visual images presented taken with a scanning electron microscope show the same random nature of the
fiber alignments, and the potential for non-uniformity inside of the carbon pre-form as for PICA (Fig. 2).
Tran et al. [3] also report on the mechanical and thermal performance of the carbon fibers. The fibers
themselves are an anisotropic material, with different properties along the fiber length direction (strong
direction) than along the fiber diameter (weak direction). In a heatshield, it is useful for the ablative surface
to be perpendicular to the weak direction of the fibers as the thermal conductivity in the strong direction is
2.4 times that of the weak direction. In addition, the thermal conductivity is reported by the manufacturer
to be 0.21 W/mK at 530 K and 1.24 W/mK at 2500 K in the strong direction.d Tran et al. [3] measured
the thermal conductivity yielding similar results, and also observed that the thermal conductivity is strongly
dependent on the temperature of the fibers.
II.B. Expected Resin Properties
The phenolic resin used in PICA is a product of a polycondensation reaction between phenol (C6H5OH) and
formaldehyde (CH2O) in the presence of a catalyst [6]. The method used to make the resin depends on the
original ratio of formaldehyde to phenol (F/P). This process is outlined in other sources [3, 6, 35, 39], and
is elaborated on in Appendix A. The chemical processes outlined in Appendix A show how these phenolic
resins are synthesized, and how the manufacturing process can affect the final resin composition and its
mechanical and thermal properties. The SC-1008 (made by MomentiveTM) phenolic infiltrant is specifically
mentioned in NASA reports [3], but other commercial phenolic resins are available (for example, Plenco
Phenolic Resinse).
II.B.1. Types and Production
Table 1: Summary of starting reagent and reaction conditions for novolac and resole resins. Specific ratios
are taken from [35].
Type of Resin F:P Catalyst Used Crosslinking Agent Required?
Resole 1.2:1.0 - 3.0:1.0 Basic (Alkaline) No
Novolac 0.5:1.0 - 0.8:1.0 Acidic Yes
Phenolic resins can be broadly classified into two groups: novolac resins and resole resins. With an
initial molar excess of formaldehyde to phenol (F/P>1), a resole resin is produced. The formaldehyde and
phenol are mixed, heated, and begin to cross-link (link one polymer chain to another) on their own. The
procedure is performed in the presence of a basic (alkaline) catalyst. With an initial molar excess of phenol
to formaldehyde (F/P<1), a novolac resin is produced. Once again, the formaldehyde and phenol are mixed
and heated, but do not begin to cross-link until a cross-linking agent is added to the mixture. This procedure
is performed in the presence of an acidic catalyst. By changing the original ratio of phenol to formaldehyde,
pH, catalyst, reaction temperature, reaction time, and distillation amount, it is possible to generate a variety
of resin structures, which in turn have a range of physical properties. The initial conditions for these two
types of resins are summarized in Table 1.
dFiberformrRigid Insulation, http://www.fibermaterialsinc.com/product/fiberform-rigid-insulation/ [accessed Jan-
uary 24, 2014].
ePlenco - Plastics Engineering Company, http://www.plenco.com/phenolic-novolac-resol-resins.htm [accessed October
21, 2013].
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As an example, let us consider the Durite SC-1008 phenolic resin (data taken from the Momentive
websitef). It is a resole type phenolic resin, and is listed as having a specific gravity of 1.07-1.10 (pre-cure).
This is equivalent to a pre-cure density of 1.07 - 1.10 g/cm3. A post-cure density of 1.25 g/cm3 is often used
as the density for the resin in many molecular dynamics studies performed [34, 40–43].
Given the manufacturing process described above and in Appendix A, most resins are composed of
carbon, hydrogen and oxygen elements, and potentially leftover components from the manufacturing process.
These are the same elements that will be present in the pyrolysis gases. An idealized linear polymer (no
cross-linking) is shown in Fig. 3, and the composition used for the resin in this thesis will be taken to
be the repeating unit, n, in this figure (C:H:O = 0.500:0.429:0.071 by mole). The repeating unit, which
corresponds to C7H6O, has a molecular composition close to that of a single phenol molecule, C6H6O. Due
to this similarity, pure phenol may be used as a representative “surrogate” for the initial composition of
the pyrolysis gases or resin, when a simplified model is required. As an aside, if an idealized, fully cross-
linked phenol molecule (3 cross-links per molecule, similar to Fig. 28) is used to calculate the composition
of the resin, then a value of C:H:O = 0.517:0.414:0.069 is obtained. This composition and the composition
of the repeating unit in Fig. 3 will act as limiting idealized cases for the elemental compositions of the
resin. Actual phenolic resins are not expected to be 100% cross-linked, but are also not expected to be
linear polymers; some finite amount of cross-linking is expected depending on the resin type and synthesis
process (see Appendix A). Only minor discrepancies are noted when either of these compositions are used
in calculations, as the elemental compositions are extremely similar between the limiting cases.
Figure 3: Linear polymer representing an idealized cured resin structure for a phenolic resin.
II.B.2. Curing and Thermal Decomposition
The composition of a resin can also be modified post-polymerization by the application of a subsequent curing
step. A more detailed explanation of this process and the expected thermal decomposition of the resin is
found in Sec. A.B. The present summary is based on results and explanations presented in [16, 26, 35, 39],
and more recently in [33].
In the curing step, excess formaldehyde (or a formaldehyde source), sufficient heat (typically ∼ 150◦C),
and/or an acid or base catalyst is applied in order to promote the cross-linking of any remaining unjoined or
open sites in the polymer. This promotes the formation of methylene bridges, potentially eliminating other
types of linkages that may have formed previously (Fig. 27). This was explicitly noted by Sykes [16], where
it was found that the amount of water produced during pyrolysis at relatively low temperatures was greatly
affected by the cure time of the sample.
The decomposition of the resin, and pyrolysis gases produced, can generally be broken down into three
different temperature ranges. At approximately 300◦C, any remaining ether and nitrogen linkages begin
to break, forming aldehydes, cresols, and azomethines. Furthermore, at this stage, any small molecules
that were trapped from the manufacturing process are released, such as excess phenol, water, formaldehyde,
ammonia etc. A large percentage of the pyrolysis gases are found to be H2O in this temperature range [16,
33]. At approximately 600◦C, substantial shrinkage of the polymer occurs as a result of the formation of
carbon-carbon bonds between aromatic rings, resulting in the formation of a polyaromatic char. Substantial
quantities of pyrolysis gases are liberated, composed mainly of hydrogen, but also methane, volatile aromatic
compounds (such as phenol or benzene), water, carbon monoxide, and carbon dioxide. At temperatures
above this, (∼ 900◦C) any non-carbon species continue to be evolved, and the pyrolysis gas consists mainly
of H2 [16, 33].
fMomentive, http://www.momentive.com/Products/TechnicalDataSheet.aspx?id=5652, accessed December 17, 2013.
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The expected pyrolysis gas products are a strong function of the temperature at which pyrolysis is
occurring. Knowing this, it follows that the elemental composition of the pyrolysis gas products is not
expected to be constant, and will also be a strong function of temperature. The fact that the elemental
composition of the pyrolysis gases is not constant over a temperature range is very important, and will be
discussed in more detail in later sections.
II.B.3. Presence of Impurities
Due to the complicated synthesis and curing process that is required to create phenolic resins, it is possible
for a phenolic resin to contain small amounts of impurities, which will affect the overall properties of the
resin.
The Apollo capsules used Avcoat 5026-39 HC/G as the resin in their ablative heatshields, which is a
novolac resin [44]. Hexamethylenetetramine, (CH2)6N4, is typically used as the cross-linking agent during
the production of this resin. As a result, a small amount of leftover nitrogen is often assumed to be present
when calculating the composition of the pyrolysis gas from Avcoat, as done by Park et. al. [25]. More recent
carbon phenolic heatshields use a resole resin where no catalyst is needed in the cross-linking process. In
some studies, nitrogen is not included when calculating the composition of the pyrolysis gas [25], whereas in
other studies [24], small amounts of nitrogen are included for PICA heat shields. Other contaminants, such
as Si, can be included in the pyrolysis gas composition as well [24].
Experimental measurements performed in [16] on a novolac resin (Union Carbide Corporation BRP 5549)
showed the post-cure content of the resin to be 75.6% C, 6.12% H, 2.35% N, and 15.93% O by mass (C:H:N:O
= 0.465:0.449:0.012:0.074 by mole), extremely close to the expected value of C:H:O = 0.500:0.429:0.071, if a
phenol linked with CH2 (n in Fig. 3), is assumed to be the primary component of the resin. The novolac resin
used in [16] was premixed with hexamethylenetetramine, and then cured by the authors. The experiments
were performed on a neat resin sample, not the composite material.
It is important to note than any nitrogen present in the final resin is generally leftover from the synthesis
process, and can be found in two general forms. It is possible that the nitrogen is physically trapped in the
resin, not chemically bound to other molecules. It is also possible that the nitrogen is chemically bound in
the resin structure (see o in Fig. 26). Sykes [16] attributes the relatively high nitrogen content in the resin
to trapped ammonia (NH3), as ammonia is a product of the decomposition of hexamethylenetetramine. If it
is assumed that all of nitrogen content observed by Sykes [16] is trapped ammonia, removing this ammonia
from the resin results in a new elemental ratio of C:H:O = 0.488:0.434:0.078. This is even closer to the
expected composition previously described, further validating the use of the idealized resin structure shown
in Fig. 3.
II.C. Expected Char Composition
Char refers to the solid carbonaceous residue that is created when the resin is heated to high enough
temperatures. This is the solid that is left behind as the resin undergoes a thermal decomposition. Some of
the initial resin is converted into pyrolysis gases, while some of the resin stays in the solid phase, and evolves
into char. The chemical pathways and timescales associated with the solid char formation are still subjects
that are under investigation [26, 45, 46].
In general, the amount of polyaromatic char that is expected to form from a virgin resin is approximately
60% by mass of the original virgin resin [35]. This assumes that after a full thermal decomposition of the
resin has occurred, 40% of the original mass present was converted into pyrolysis gases, and 60% of the
original mass present remained as a solid, and evolved into char. This is close to the value of 54% observed
experimentally by Sykes [16].
Sykes [16] analyzed the char composition of a neat, cured novalac resin, through elemental analysis. It
was observed that the char present at 850◦ C contained 92.6% C, 0.9% H, and 6.5% O by mass (C:H:O
= 0.856:0.099:0.045 by mole). Tran et al. [3] tested a composite material (cured resole resin and fibers)
sample in an arc-jet at 1065 Btu/ft2-s (1210 W/cm2), 0.34 atm stagnation pressure, for a total heat load of
26,625 Btu/ft2 (30,235 J/cm2). The composition of the char was then measured using X-ray photoelectron
spectroscopy. The elemental composition (by mole) of the char was found to be 98% C, 1.7% O, 0.3% Si (Si
noted as an error due to the sample processing technique). This discrepancy in char composition between
different experimental studies should be addressed in more detail in future works.
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The char, which has been observed to be primarily composed of carbon, may also have other elements
bound inside of it. For example, Syke’s [16] hypothesized that through oxidation reactions it would be
possible for oxygen to be present in the solid char. These elements could also be evidence of incomplete
pyrolysis, or contamination of the experimental samples.
It is also believed that some parallels can be drawn between soot that traditionally forms in flames,
and char. Both char and soot are solids consisting primarily of carbon atoms that are formed at high
temperatures, through reactions involving aromatic hydrocarbons. A dehydrogenation process has been
observed in combustion with soot formation. As time progresses, or as the soot matures, the H/C ratio of
soot decreases [47,48]. This type of phenomena should affect the carbon char as well, and may help explain
the discrepancies observed in experimentally measured char compositions.
In addition, the char composition reported by Tran et. al [3] was taken from an actual PICA sample
after arc-jet testing. The PICA sample was subjected to a very high heat load, and was heated for a longer
time than the samples in Sykes’ [16] work. It is likely that the sample tested by Tran et. al [3] was fully
pyrolyzed, which could explain the very high carbon content measured in the char. Based on the above
discussion, for the rest of this thesis, when an idealized char material is needed, it will be assumed to be
composed uniquely of carbon. A similar assumption is made in other works [30].
This section has provided an overview of the physical components of PICA, and a basic explanation
of the synthesis of phenolic resins and the expected decomposition products of a phenolic resin at high
temperatures. With this understanding of the components that make up PICA, and investigation into the
pyrolysis gas composition can now be performed.
III. Pyrolysis Gas Composition
Due to the formation of a solid carbonaceous residue (char), it is clear that the elemental composition of
the pyrolysis gases injected into the boundary layer is not that of the original resin. Experiments performed
on a phenolic resin have confirmed that the pyrolysis gases differ in composition significantly from the original
resin [49]. This has large implications for modeling efforts, as the elemental composition of the pyrolysis gas
is an additional unknown. Not only is it desired to have an accurate description of the gas that is injected
into the boundary layer, but the gas flowing internally in the heat shield must also be modeled correctly in
order to accurately predict the full thermal response of the heatshield.
Many experimental works (for example, Sykes [16], Wong et al. [33]) show that the elemental composi-
tion of the pyrolysis gas mixture produced is not constant over a large temperature range. Very recently,
Lachaud and Mansour [30], and Wong et al. [33] reported a decomposition model for the solid resin based on
experimental results. In this model, the gas mixture does not have a constant elemental composition. The
work by Lachaud and Mansour [30] is the first computational work, to the author’s knowledge, to report
results using a non-constant elemental composition for the pyrolysis gas mixture. This differs significantly
from all previous computational works that use an average composition for the pyrolysis gas mixture (for
example, see Milos and Chen [24]). A review of existing thermal response codes is provided by Lachaud
et al. [50], and a summary of the varying degree of complexity that is included in these codes, i.e., frozen
chemistry, equilibrium chemistry, or fine-rate kinetics, is provided by Lachaud and Mansour [30].
In order to understand how these different composition assumptions affect the pyrolysis gas, the following
sections investigate the effects of various gas models used, the chosen elemental composition of the pyrolysis
gas, and the equilibrium vs. non-equilibrium assumption on the mixture enthalpy of the pyrolysis gases.
III.A. Equilibrium Pyrolysis Gas Composition
Internal to the heatshield, the pyrolysis gas flows at relatively low speeds. The complicated nature of this
porous flow is outside the scope of this work, but has received attention in the literature elsewhere [30, 51].
It has previously been proposed that as the pyrolysis gases flow through the porous medium internal to the
heatshield, the gas speed is on the order of 10 m/s [51]. Based on the rather slow motion of the gases inside
of the heatshield, previous works have assumed that the pyrolysis gases are in thermodynamic equilibrium
at the local temperature and pressure. The current work begins with this assumption.
As described previously, when the phenolic resin starts to degrade, many small gas bubbles are formed
in the material, and a porous flow begins once the bubbles become connected. As the flow gets closer
to the surface of the heatshield, the temperature increases. A range of temperatures for when the resin
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starts to decompose can be found in the literature. In [3], 150◦C is given (fibers impregnated with resole
resin), 250◦C is given in [46] (fibers impregnated with resole resin), 300◦C is given in [35] (neat resole resin),
and 350◦C is given in [16] (neat novolac resin), for example. It is expected that different phenolic resins
have different physical properties, which helps explain this range of temperatures found in the literature.
Given these uncertainties, an average temperature of 230◦C is used in this work as a starting point for resin
decomposition. This temperature should be understood as the temperature at the edge between the virgin
material and the pyrolysis layer (Fig. 1), and is similar to what is used in other works [33].
III.A.1. Gas Model
Through a collaborative effort with the von Karman Institute (VKI), a reduced 55 species thermodynamic
model has been developed to represent the pyrolysis gases produced from a typical PICA heatshield. This
model only includes thermodynamic properties for the different species chosen, and no information pertaining
to chemical reactions. Therefore, this model can only be used for thermodynamic equilibrium calculations,
and not for calculations that would require a set of chemical reactions and reaction rates (finite-rate chem-
istry).
To create the model, 193 species were taken from the Chemical Equilibrium with Applications (CEA)
database [52. Species characteristic of a typical carbon phenolic decomposition (species with C/H/O) were
originally chosen, and then species containing N were also added. This accounts for mixing between an
atmosphere that may be partially composed of nitrogen, and the ablation products from a heatshield. In
addition, thermodynamic properties for 8 additional species (C24H12, C16H10], C3H,
1C3H2,
3C3H2, C4H,
C5H, and C5H5) were recomputed, and added to the 193 species set, creating a full model with 201 species.
Next, a model reduction was performed by calculating different thermodynamic equilibrium compositions
at constant temperature, and pressure, for the full 201 species model. The temperature was varied from 25◦C
to 5800◦C, and pressure was varied from 1 kPa to 10 MPa. At each respective temperature and pressure
condition, 1000 different elemental compositions were chosen (uniformly varying in the ratio of C:H:N:O),
and thermodynamic equilibrium calculations were performed. If a mole fraction of a specific species was
consistently (for all P , T , and C:H:N:O values tested) below 10−4, the species was removed from the gas
model. It was found that trying more than 1000 different elemental compositions at every temperature and
pressure did not change the final reduced species model.
This reduced the original 201 species model to a 55 species model. A comparison was then made between
the 55 species model, and the 201 species model, to calculate relative errors made by the reduced species
model on the bulk properties of the mixture. Comparisons were performed at all values of T , P , and
C:H:N:O ratios considered for the model reduction. It was found that for cp, h, s (entropy), and Xradiators
(see Sec. I), the errors between the 55 species model and the full 201 species model were always less than
1%. The maximum percentage error made on mole fractions of strong radiators present is approximately
0.1%.
The 55 species model was deemed acceptable for this paper due to the relatively small discrepancies
with the full model. Detailed information about the gas species model reduction will be the subject of a
forthcoming publication [53. The full list of species used can be found in Appendix C, along with the sources
used for thermodynamic properties. Thermodynamic data is also provided for individual species that were
recomputed for this gas model. This 55 species gas model is used for the rest of this work.
III.A.2. Elemental Composition of Pyrolysis Gases
In order to perform thermodynamic equilibrium calculations, an elemental composition must be specified.
Three different elemental compositions are chosen, in order to understand the effect that elemental composi-
tion has on the pyrolysis gases. The first composition has a C:H:O ratio of 0.500:0.429:0.071 by mole, which
is the expected composition of the pure resin (see Sec. II.B). It is understood that this is more carbon-rich
than the expected pyrolysis gas composition, as this gas composition assumes that no char is formed from
the resin, but it serves as a limiting test case. The second composition has a C:H:O ratio of 0.358:0.550:0.092
by mole, which is calculated by taking the original resin composition and then assuming that 35% of the
mixture, by mass, will turn into a solid char comprised purely of carbon (see Sec. II.A). This mass of
carbon is then removed from the mixture (35% char yield). This composition is more characteristic of the
pyrolysis gas products for mid-range temperatures during the decomposition process. The 35% char yield
assumption yields an elemental composition for the pyrolysis gases that is very close to the experimentally
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measured composition of the pyrolysis gases at 500◦C [16]. The third composition has a C:H:O ratio of
0.195:0.690:0.115 by mole, which corresponds to a 60% char yield by mass (Sec. II.C). These three chosen
compositions are summarized by the first three lines of Table 2.
In a recently published work, the species blowing rates for the pyrolysis gas were calculated for a PICA
material using the FIATv3 [29] thermal response code for a chosen trajectory [24]. During heating, the
surface temperature varies from ∼ 200◦C to ∼ 3000◦C (not monotonically) as a function of time. Milos
and Chen [24] show results where the C:H:O ratio of the injected pyrolysis gas remains essentially constant
at 0.18:0.68:0.12. The missing 2% from the gas mixture is attributed to 1.4% N, and then trace amounts
of Si. The elemental composition used in the numerical simulations by Milos and Chen [24] was taken
from experiments, and the nitrogen content can be attributed to impurities in the resin (potentially from
synthesis), and it is unclear as to why Si is observed experimentally.g
Finally, in an earlier work by Park et al. [25], the elemental composition of the pyrolysis gases entering
the boundary layer was C:H:O=0.229:0.661:0.110 by mole. Using the simplified resin composition discussed
(see Sec. II.B.1), the values used by Park et al. [25] correspond to approximately a 56% char yield, and the
values used by Milos and Chen [24] correspond to a char yield of roughly 65% (neglecting impurities). All
pyrolysis gas compositions are summarized in Table. 2.
Table 2: Summary of different pyrolysis gas compositions.
Mixture Description Elements Included Composition (by mole)
Pure Resin C:H:O 0.500:0.429:0.071
35% Char Yield C:H:O 0.358:0.550:0.092
60% Char Yield C:H:O 0.195:0.690:0.115
Park et al. [25] C:H:O 0.229:0.661:0.110
Milos and Chen [24] C:H:N:O:Si 0.18:0.68:0.014:0.12:0.006
III.A.3. Equilibrium Results—Polycyclic-Aromatic Hydrocarbon (PAH) Species
This section shows results for the previously discussed elemental compositions assuming thermodynamic
equilibrium. All thermodynamic equilibrium calculations are performed using Cantera [54], and are per-
formed holding temperature and pressure constant. First, the elemental composition of the virgin resin is
used, and calculations are performed at different temperatures while keeping the pressure constant at 50 kPa
(see Sec. IV.A). Fig. 4a shows the major species present using the reduced 55 species model. The most
pertinent observation is that large quantities of coronene (C24H12, Fig. 5), are predicted for all temperatures
below ∼1700◦C. At 1180◦C, the mixture is predicted to be 70% coronene by mass, which shows the impor-
tance of including this molecule if thermodynamic equilibrium calculations are going to be performed in this
temperature range.
In Fig. 4b, coronene (C24H12) is removed from the list of species included and is replaced by naphthalene
(C10H8). Once again, significant quantities of naphthalene are observed at temperatures below ∼1700 K. In
fact, if both coronene (C24H12) and naphthalene (C10H8) are included in the species model, the predicted
yield of naphthalene is essentially zero, and the results shown in Fig. 4a are obtained again. All of the mass
goes into the PAH species with the smallest H/C ratio. For naphthalene, H/C = 0.8, and for coronene,
H/C = 0.5. High concentrations of these polycyclic-aromatic hydrocarbon (PAH) molecules can also have a
large effect on the global properties of the gas mixture, such as the value of the specific heat for the mixture,
and the mixture enthalpy. It should be noted that at the conditions considered in this section, while the
formation of C24H12 is favored from a thermodynamic standpoint, the validity of this assumption from a
kinetic standpoint has not been addressed yet, and will be considered in the next section. Above roughly
2000◦C, both Fig. 4a and Fig. 4b show the same mixture compositions. At these high temperatures, PAH
species are no longer favored from a thermodynamic stand point, and the inclusion of C24H12 or C10H8 has
no effect on the mixture composition.
gPrivate communication with Dr. Frank Milos, NASA-Ames.
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Figure 4: Thermodynamic equilibrium composition of the pyrolysis gas mixture assuming an initial resin
composition of C:H:O = 0.500:0.429:0.071 by mole, at 50 kPa. Species with mole fractions > 10−2 are shown
in both plots. (a) includes coronene in the gas model, while (b) substitutes naphthalene for coronene.
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Figure 5: Coronene molecule, C24H12.
III.A.4. Equilibrium Results—Varying Mixture Composition
Figure 6 shows the mixture composition assuming different elemental pyrolysis gas compositions resulting
from different assumed char yields, namely; 35% char yield in Fig. 6a and 60% char yield in Fig. 6b].
Assuming a 35% char yield results in a maximum value of 50% C24H12 by mass at 1190
◦C, and assuming a
60% char yield results in a maximum of 17% C24H12 by mass at 1210
◦C. Obviously, as the overall carbon
content in the pyrolysis gas mixture decreases, the amount of C24H12 that forms from a thermodynamic
equilibrium calculation decreases.
It is difficult to notice meaningful differences between complicated gas mixtures by looking solely at
species concentrations. From an engineering stand point, the question can be raised as to whether or not it
is necessary to know the concentration of every single species in such a complicated mixture.
In this study, the mass specific mixture enthalpy is chosen as a relevant property to compare between
different mixtures. The mass specific mixture enthalpy gives a measure of the amount of energy contained
in the gas mixture. For an ablative heatshield to be effective, the endothermic decomposition of the resin
and creation of pyrolysis gases should absorb as much of the thermal energy of the external flow as possible.
The enthalpy of the mixture relates to the efficiency of the pyrolysis gases in creating a cooling effect. Other
quantities, such as cp, could also be compared, but generally show similar trends as enthalpy, and changes
in cp will also be reflected in the mixture enthalpy. If one were to consider the injection of the pyrolysis
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Figure 6: Thermodynamic equilibrium composition of the pyrolysis gas mixture assuming two different char
yields at 50 kPa. Species with mole fractions > 10−2 are shown in both plots.(a) corresponds to a 35% char
yield (C:H:O = 0.358:0.550:0.092) and (b) corresponds to a 60% char yield (C:H:O = 0.195:0.690:0.11).
gas mixture into the boundary layer of the heatshield, then other properties should be chosen to compare
as well, as the injection of the pyrolysis gases into the boundary layer will affect the properties of the flow
external to the heatshield. Although the boundary layer flow is not the focus of this work, if this part of the
flow were to be considered, one relevant choice would be to compare γ between the different mixtures.
Figure 7 shows the quantitative effect of changing the elemental composition of the mixture by plotting the
mass specific enthalpy of the mixture over a temperature range characteristic of what would be experienced
inside of the heatshield. Figure 7 shows that the mixture enthalpy decreases as the char yield increases. Once
again, the lower the char yield, the higher the carbon content in the pyrolysis gas mixture, which means that
there is more C24H12 present in the mixture (Figs. 4 and 6). Figure 7 quantitatively shows that changing
the elemental composition of the gas mixture, while keeping the species model constant, has a large effect on
the overall mass specific mixture enthalpy especially at lower temperatures (T < 600◦C). Interestingly, the
specific enthalpy at higher temperatures (T ∼ 1500◦C) is virtually independent from the char yield, when
the reduced 55 species model is used. These two observations are important as the difference in enthalpies
is related to how much heat is extracted by gaseous mixture.
In addition to showing the effect of elemental composition on mixture enthalpy, Fig. 7 shows the effect
that the chosen gas model can have. In a recent study, Milos and Chen [24] used a 23 species gas mixture
(including C, H, N, O, and Si) for the pyrolysis gases injected into the boundary layer, where the largest
species included is C6H6. The gas mixture was calculated using FIATv3 [29].
Elemental compositions corresponding to a 0%, 35%, and 60% char yield are again used, and the current
55 species gas model is replaced by Milos and Chen’s 23 species model [24]. Figure 7 shows differences in
mixture enthalpy between the two different gas models. Figure 7 isolates two important phenomena: 1) the
effect of elemental composition on the mixture enthalpy and 2) the effect of the chosen gas species model on
mixture enthalpy. When performing thermodynamic equilibrium calculations to calculate the composition
of the pyrolysis gas mixture, the species model and the elemental composition of the mixture must be chosen
with care.
III.A.5. Equilibrium Results—Discussion
To emphasize the effect that the elemental composition has on the overall composition of the pyrolysis gas
mixture, it is necessary to know how carbon rich a gas mixture must be in order to form C24H12 from a
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Figure 7: Enthalpy comparison for different gas models and elemental compositions. All mixtures are in
thermodynamic equilibrium over a range of temperatures and at a pressure of 50 kPa.
thermodynamic standpoint. This is done by varying the char yield from 0% (carbon rich gas mixture) to
70% (carbon lean gas mixture). For a given char yield, the maximum value of mass fraction of C24H12 is
calculated for equilibrium mixtures spanning a temperature range from 230◦C to 1800◦C.
Figure 8 shows that for carbon rich gas mixtures, the maximum mass fraction of C24H12 is very high (up
to ∼ 70%). A smooth decrease in the maximum mass fraction of C24H12 is observed as the % char yield is
increased. At a char yield of ∼ 65%, no significant amount of C24H12 is predicted to form. This corresponds
to a C:H:O elemental composition of 0.152:0.727:0.121 by mole. Figure 8 also shows that the decrease in
max(YC24H12) is almost entirely pressure independent. It is found that the temperature associated with the
maximum mass fraction of C24H12 occurs for T > 1150
◦C (with P = 50 kPa) for the range of elemental
compositions considered when there is a significant amount of C24H12 present. However, as seen in Fig. 4a,
there is a large quantity of C24H12 (mole fraction) that is predicted to form at temperatures near 230
◦C.
At these relatively low temperatures, the prediction that gaseous coronene will form is most likely not valid.
The melting point and boiling point of coronene are 438◦C and 525◦C respectively, at standard conditions.
Even though the pressure considered in the calculations performed in this section is lower than atmospheric
conditions (50 kPa vs. 101 kPa), at low temperatures, the effect of possible phase changes (condensation
or solidification) should be considered. More investigation needs to be performed into this low temperature
regime, and this could help explain the point of inflection in mole fraction of C24H12 in Fig. 6a. It is
possible that temperatures lower than the point of inflection seen in the mole fraction of C24H12 in Fig. 6a
correspond to unphysical predictions of C24H12, and temperatures higher than this point of inflection are
physically accurate, but more work is needed to verify this hypothesis.
The % char yield range shown in Fig. 8 covers a wide range of elemental compositions, and shows that
the presence of C24H12 is significant over a wide range of mixture compositions. If Park et al.’s [25] elemental
composition is used (Table 2), up to ∼ 25% by mass of the equilibrium mixture is predicted to be C24H12
at ∼ 1200◦C, and if a composition similar to the one used by Milos and Chen (neglecting Si) [24] is used
(Table 2), then up to ∼ 10% by mass of the equilibrium mixture is predicted to be C24H12 by mass at
∼ 1200◦C; neither of the species models in these two studies included any large PAH molecules. To the
author’s best knowledge, no previous published works have included PAH species in pyrolysis gas mixture
when modeling PICA heatshields. In order to understand the overall effect of including PAH species in the
pyrolysis gas mixture on the performance of a PICA heatshield, full simulations incorporating PAH species
into a thermal response code would have to be performed.
13 of 47
American Institute of Aeronautics and Astronautics
D
ow
nl
oa
de
d 
by
 Ja
so
n 
Ra
bi
no
vi
tc
h 
on
 N
ov
em
be
r 1
6,
 2
01
6 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
4-2
246
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.70
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
% Char Yield
m
a
x
(Y
C
2
4
H
1
2
)
 
 
P = 10 kPa
P = 25 kPa
P = 50 kPa
P = 100 kPa
Figure 8: Maximum mass fraction observed of C24H12 over a temperature range from 230
◦C to 1800◦C,
varying the elemental composition. The calculation is performed for four different pressures to show the
pressure independence of the plotted values.
III.B. Kinetic Evolution of Pyrolysis Gas Composition
The previous section did not take into account the finite amount of time it takes to form the large PAH
molecules. Although the formation of molecules such as C24H12 and other large aromatic species is favorable
from a thermodynamic standpoint, the residence time of the pyrolysis gas inside of the heatshield might be
too short for these molecules to actually form. In order to understand the characteristic timescales involved
in this process, several simplifying assumptions are made.
Based on results from MSL [18, 27], a characteristic length of 1 cm is chosen for the distance that the
pyrolysis gas will flow before leaving the heatshield. This represents the thickness of the pyrolysis and char
layers shown in Fig. 1. A speed of 10 m/s is chosen to be characteristic of the speed of the gases traveling
internal to the heatshield, based on the analysis performed by Ahn et al. [51]. Once again, the temperature at
the bottom of the pyrolysis layer is assumed to be 230◦C, and the temperature at the surface of the heatshield
is assumed to be 1800◦C. To isolate the effect of finite-rate kinetics, a simple Lagrangian approach is adopted.
It is assumed that a packet of gas travels at a constant speed of 10 m/s from the bottom of the pyrolysis
layer to the surface of the heatshield, at a constant pressure of 50 kPa. This ignores the complicated flow
features associated with porous flow, and the effect that the changing density, temperature, and pressure
of the fluid would have on the velocity profile of the pyrolysis gases in an actual heat shield. Simulations
accounting for these effects, but using simplified chemistry models, can be found in [30]. As the packet of
fluid travels from the bottom of the pyrolysis layer to the surface of the heatshield, the temperature of the
gas increases. Therefore, the temperature (◦C), can be written as a function of time, and for the rest of this
work, a linear temperature profile of
T = 230◦C+ 1.57◦C · t, (1)
is used, where t is given in µs. Prescribing a temperature rise also assumes that the heat release from the
individual reactions occurring does not affect the temperature gradient imposed by the high temperature
gas external to a heatshield. An initial composition of 100% gaseous phenol (A1OH) is chosen in order to
represent the initial composition of the pyrolysis gases. This acts as a “surrogate” for the phenolic solid
resin (Sec. II.B.1). Species diffusion is also neglected for these calculations. All of the previous assumptions
are made in order to simplify the complicated reacting flow occurring inside of a heatshield, keeping in mind
that the goal of these calculations is to find characteristic times associated with PAH formation.
The combustion database of Blanquart [55–58] is used for the homogeneous reactions involved with the
pyrolysis gas mixture (this mechanism is available for public useh). This mechanism contains 172 species and
1878 reactions (forwards and reverse reactions counted separately). While this mechanism is geared towards
combustion applications, it contains all major pathways for PAH formation, and is useful for understanding
timescales associated with PAH formation in the pyrolysis gas mixture. The largest hydrocarbon species
hMechanism available at http://www.theforce.caltech.edu/resources/
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included is C18H10, as the pathways and rates for the formation of larger species, such as C24H12, are
largely unknown at this time. Chemical abbreviations used in this mechanism include: A1 (benzene, C6H6),
A1OH (phenol, C6H6O), A1C2H (ethynylbenzene, C8H6), A2 (naphthalene, C10H8), A2R5 (acenaphthylene,
C12H8), A2C2HB (2-ethynylnapthalene, C12H8), A2R5C2H (1-ethynylacenapthylene, C14H8) and FLTN
(fluoranthene, C16H10).
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Figure 9: Kinetic evolution of pyrolysis gases with an imposed temperature and pressure profile. A time of
1000 µs corresponds to the gas traveling a distance of 1 cm at a speed of 10 m/s. T = 230◦C + 1.57◦C · t,
where T is in ◦C, and t is in µs. P = 50 kPa.
Simulations are performed using packages from the CHEMKIN 2 library [59]. A constant pressure
homogeneous reactor is used with a prescribed temperature rise as a function of time (Eq. 1), that corresponds
to ∼ 1500◦C/cm for a fluid moving with a constant speed of 10 m/s. Figure 9 shows the decomposition of
phenol and the kinetic evolution of the gases produced under constant pressure and a prescribed temperature
profile. It is clear that significant concentrations of varying PAH molecules are formed by the end of the
simulation (1000 µs). To contrast this, Fig. 10 shows the composition of the gas mixture if a thermodynamic
equilibrium is assumed, with the same C:H:O elemental composition as pure phenol. It is clear that there is a
large discrepancy between the two mixtures, as the PAH molecules take time to form in Fig. 9. A maximum
amount of C18H10 is found at 1300
◦C (8% by mole, 55% by mass) when a thermodynamic equilibrium is
assumed. A quantitative comparison between the two mixtures is shown in Fig. 11, comparing the mixture
enthalpies by mass between the two cases. Extremely large discrepancies are noted, showing that the bulk
properties of the mixture are greatly affected by a thermodynamic equilibrium assumption.
Figures 9—11 isolate the effect of assuming that the pyrolysis gas mixture is in thermodynamic equilib-
rium vs. allowing the pyrolysis gas mixture to evolve kinetically. The same elemental composition (that of
phenol) was used for both the equilibrium and finite-rate kinetics calculations, and the same species model
was used for both of these calculations. Not only is the enthalpy of a mixture in thermodynamic equilibrium
largely effected by the largest hydrocarbon molecule included, but the finite amount of time it takes the PAH
species to form based on kinetics also has a great effect on the mixture enthalpy. It should be noted that
the chemical mechanism used in this section was not directly designed for these conditions. Nevertheless,
the results show that significant quantities of PAH species will form in a relatively small amount of time and
this will have significant effects on modeling efforts for these composite ablative materials.
To summarize this entire section, three different effects have been isolated: 1) the effect of elemental
composition on the pyrolysis gas mixture; 2) the effect of the gas species model chosen on the pyrolysis gas
mixture; and 3) the effect of assuming thermodynamic equilibrium vs. finite-rate kinetics on the pyrolysis
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gas mixture. The large discrepancies shown between all of these assumptions must be known and accounted
for when determining what models to use in a thermal response code.
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Figure 10: Equilibrium composition of pyrolysis gases with the same imposed temperature and pressure
profile. T = 230◦C+ 1.57◦C · t, where T is in ◦C, and t is in µs. P = 50 kPa.
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Figure 11: Enthalpy comparison between the gas mixtures assuming detailed kinetics (black) and thermo-
dynamic equilibrium (red). T = 230◦C+ 1.57◦C · t, where T is in ◦C, and t is in µs. P = 50 kPa.
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IV. Pyrolysis Gas Flow Regime
The previous analysis was performed assuming a standard continuum flow regime. In order to validate
this assumption for the flow of the pyrolysis gases internal to a heatshield, relevant length scales must be
compared. In this section, conditions characteristic of what MSL experienced on entry into the Martian
atmosphere are used to estimate the flow regime of the pyrolysis gas inside of an ablative heatshield. By
using flight data reported by Bose et al. [18] and Mahzari et al. [27], a mean free path of the pyrolysis gas
can be estimated, and this can be compared to the relevant length scales in the heatshield itself (size of the
pyrolysis layer, diameter of the fibers in the virgin PICA material, and the average fiber separation).
IV.A. Continuum Flow Assumption
The mean free path (λ) can be calculated from
λ =
kBT√
2piσ2P
, (2)
where kB is the Boltzmann constant (J/K), T is the temperature (K), σ is the collision diameter of the gas
molecules (m), and P is the pressure of the gas (Pa). The MISP reconstructed temperature data shows that
the thermocouples installed in the MSL heatshield experienced a wide range of temperatures, depending on
the location of the thermocouple in the heatshield, the time during flight, and how deep below the heatshield
surface the thermocouple was installed. 1000 K is taken as a characteristic temperature for these calculations,
which is based on the temperature range that the thermocouple closest to the heatshield surface (∼ 0.25 cm)
experienced.
Surface pressure CFD predictions were made by Bose et al. [18], and over the time that corresponds to
a heatshield temperature close to 1000 K, surface pressure predictions range from ∼ 15 kPa to ∼ 30 kPa.
These measurements were confirmed by flight data taken by the Mars Entry Atmospheric Data System
(MEADS) [60]. Calculations performed by Ahn et al. [51] for the Pioneer Venus Small Probe (Day) showed
that the pressure of the pyrolysis gas inside the heatshield can be a factor of two or higher than the surface
pressure. Taking these facts into consideration, a value of 50 kPa is chosen to be a characteristic pressure
inside of the heatshield for this calculation. The same pressure was used for the results presented in the
previous section.
To evaluate the collision diameter, the gas mixture is assumed to have the same elemental composition
as a cured phenolic resin. Assuming thermal equilibrium, the main constituents of the mixture by volume
are CO (43%), H2 (25%), CH4 (22%), and C24H12 (10%) at 1000 K and 50 kPa. For simplicity, as this is an
order of magnitude calculation, the diameter of CO (3.65 · 10−10 m) is used in this calculation.
The Knudsen number, which is the ratio of the mean free path to a characteristic length scale (Kn = λ/l),
allows one to determine if the flow is in a continuum regime. From Eq. 2, the mean free path is evaluated
to be approximately λ ≈ 6 · 10−7 m. If this is compared to a characteristic length of 1 cm associated with
the pyrolysis layer, then Kn ≪ 1, and the pyrolysis gas is in a continuum regime. While this Knudsen
number shows that on a global scale the flow is in a continuum regime, the potential for collisions between
the gas molecules and the carbon fibers must also be taken into account in order to estimate the importance
of heterogeneous interactions [30, 33].
A Knudsen number calculation based on a fiber diameter of 10 µm (Sec. II.A) yields Kn ∼ 0.05. Alter-
natively, the mean free path can be compared to an estimation of the average separation distance between
the fibers in the char layer. The mean distance is calculated by making the simplifying assumption that
the cylinders are arranged into a triangular unit cell, and are infinitely long. Assuming a porosity of 90%
(Sec. II.A) allows a mean separation to be estimated. A schematic of this arrangement is shown in Fig. 12,
where r is the fiber radius, and s is a calculated distance to give the desired porosity. Using the properties
of ASTERM given in Sec. II.A, a mean distance between the fibers can be estimated to be 10 µm, which
results again in Kn ∼ 0.05. Similar values for Kn were calculated for the PICA heatshield used on the
Stardust mission, when different conditions along the Stardust re-entry trajectory were used [61].
AKn ∼ 0.05 is low enough that the flow can be considered to be in a continuum regime, but it is also large
enough to imply that heterogeneous reactions between the pyrolysis gas and the solid carbon fibers cannot
be ignored. This is the “coking zone” proposed by Lachaud and Mansour [30], and Wong et al. [33], where it
is possible for the gaseous carbon to form a solid residue on the fibers, and other heterogeneous reactions to
occur. In addition, it is possible for solid carbon molecules to be formed through gaseous collisions, similar to
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Figure 12: Schematic showing the simplified packing assumption for the carbon fibers. r is the fiber radius,
and s is a calculated length to give the measured porosity.
soot being formed in a flame. These phenomena remove additional carbon concentration from the pyrolysis
gas mixture, and effect the elemental composition of the gas. More details on these phenomena are provided
in the following two sections.
IV.B. PAH Collisions
In previous studies, soot formation is primarily discussed with respect to flames, and a summary of the
formation of condensed-phased materials in flames was recently written by Wang [62]. While there are
competing theories on soot nucleation and growth, in general, models start from vapor-phase nucleation.
Particle growth then occurs through coalescence, coagulation, surface reactions, and condensation of vapor
species [62, 63]. Nevertheless, a common trend among these theories is that collisions between PAH species
are believed to form pre-cursors species for larger soot particles [62]. Early models used PAH-PAH sticking
coefficients on the order of 0.2-0.4 [64], while more recent work looks into great detail of the interactions
between two PAH species [65].
The frequency of PAH-PAH collisions can be calculated in order to determine whether or not “sooting”
is expected to occur internal to the heatshield. Following the derivation by Vincenti and Kruger [66] for
collision rates, the number of free paths terminated for a molecule of type A, by a molecule of type Y , per
unit time is
ΘAY = nY σ
2
AY
(
8pikT
m∗AY
)1/2
, (3)
where ΘAY is the number of paths terminated per unit time, nY is the number of Y molecules per unit
volume, σAY is the collision diameter of A and Y , and m
∗
AY is the reduced mass for A and Y . As collisions
between two of the same molecules, for instance C24H12, are being considered for soot nucleation, the reduced
mass is mC
24
H
12
/2, and the collision diameter is the diameter of a coronene molecule. The collision diameter
of C24H12 is approximated to be 9.2 · 10−10 m through a simple MM2 [67 energy minimization calculation.
nY is a function of both T and the partial pressure of C24H12. ΘAY represents a collision frequency, and in
order to estimate the number of collisions expected, this value is multiplied by a characteristic time. Once
again, a speed of 10 m/s is assumed over a length of 1 cm which results in a time of 1 ms. Writing Eq. 3 in
terms of PC
24
H
12
, T and multiplying by 1 ms yields
κ ≈
2300[κK
1/2 m s2
kg
]PC
24
H
12
T 1/2
, (4)
where κ is the number of collisions one coronene molecule is expected to undergo with another coronene
molecule before it is injected into the boundary layer. From Fig. 9, mole fractions for PAH species are
observed to be on the order of 1%. Equilibrium mixture calculations previously shown show a range in
concentrations of C24H12, with maximum values corresponding to approximately a 10% mole fraction of
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coronene. Assuming a mixture pressure of 50 kPa, and a temperature of 1000 K results in a range of
approximately 36,000 (XC24H12 = 0.01) collisions to 360,000 (XC24H12 = 0.1) collisions expected.
If every collision between two PAH molecules were to lead to soot pre-cursors, and the removal of the two
PAH molecules from the flow, then dnPAH
dt = −2kn2PAH , where k is a rate constant. Relating this expression
to Eq. 3 yields ΘPAH,PAH = knPAH . In addition, sooting models generally include a sticking efficiency,
which takes into account that for every collision between two molecules, most molecules may not stick to
each other, but instead “bounce off” of each other. A value of 0.3 is used for this sticking efficiency [64].
Considering C24H12 as the PAH molecule results in
dnC24H12
dt
= −2 · 0.3 · σ2C24H12,C24H12
(
8pikT
m∗C24H12,C24H12
)1/2
n2C24H12 . (5)
The solution to this ODE is
nC24H12(t) =
n◦C24H12
1 + 2 · 0.3σ2C24H12,C24H12n◦C24H12t
(
8pikT
m∗C24H12,C24H12
)1/2 , (6)
where n◦C24H12 = nC24H12(t = 0), the initial number of C24H12 molecules per unit volume.
Evaluating Eq. 6 at t = 0.001 s (corresponding to the surface of the heatshield), T = 1000 K, P = 50 kPa,
andXC24H12 = 0.01 orXC24H12 = 0.1, results in 99.5% and 99.95%, respectively, of the C24H12 being removed
from the flow. Even if the sticking coefficient is decreased by a factor of 1000, and XC24H12 = 0.01, 95.6%
of the C24H12 is predicted to be removed from the flow, showing that this sooting prediction is relatively
insensitive to the chosen sticking efficiency. These calculations imply that it is likely that soot will be formed
from any PAH molecules. Once “soot” particles are formed, it would also be possible for these particles to
collide with and deposit on the fibers. These calculations, while estimates, show that the removal of PAH
species from the flow due to soot formation needs to be taken into account when considering the evolution
of the pyrolysis gases.
IV.C. PAH and Fiber Collisions
Not only must collisions between PAH molecules be considered, but collisions between PAH molecules and
the carbon fibers will also occur in a heatshield. Originally, when deriving Eq. 2 for the mean free path in a
gas mixture, it is standard to assume that one molecule is in motion, and all other molecules are stationary.
Following this derivation, once again performed by Vincenti and Kruger [66], the number of collisions per
unit time for a single molecule with another molecule of the same type is found to be
Θ = piσ2Cn. (7)
C is the mean molecular speed, σ is a collision diameter (based on a sphere of influence calculation), and
n is the number of molecules per unit volume of the gas. This expression must now be altered in order to
estimate how many times a single PAH molecule will collide with a stationary carbon fiber, as Eq. 7 is only
valid for spherical particles impacting other spherical particles. Internal to a heatshield, it is assumed that
spherical coronene particles are colliding with infinitely long cylindrical carbon fibers (Fig. 12). To simplify
this calculation, it is assumed that coronene molecules are traveling perpendicular to the length of fibers, and
all of the fibers are parallel to one another, as shown by the infinitely repeating unit cell shown in Fig. 12.
The piσ2C product from Eq. 7 represents a cylindrical volume carved out by a moving particle. Due to the
assumption that cylindrical fibers are all parallel, and that the coronene particles move perpendicular to
the fiber length, this term is now modified so that only an in plane area is considered, and becomes σC.
However, a new area of influence must be calculated. The diameter of this “circle” of influence is given by
σC
24
H
12
+ df , where df is the fiber diameter. A 2D schematic of this arrangement is shown in Fig. 13. As
df ≫ σC
24
H
12
, this can be approximated by df . A modified n is now calculated such that it refers to a
number density (per unit area) of carbon fiber centers.
Combining this information results in
Θ = dfCn
∗, (8)
where n∗ is the number of fiber centers per given area. Assuming a Boltzmann distribution, C =
(
8kT
pimC
24
H
12
)1/2
.
Multiplying the collision frequency by the same characteristic time as before, results in κ ≈ 160[κT−0.5]T 0.5.
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Figure 13: 2D schematic outlining the geometrical assumptions for C24H12 colliding with a carbon fiber.
This figure represents a top-down view of a plane intersected by the fibers (fibers are assumed to be infinitely
long in/out of the page). The “circle” of influence outlines an area that needs need to be considered for
collisions between C24H12 molecules and the stationary carbon fibers.
Assuming a reference temperature of 1000 K, this calculation shows that a single coronene molecule will
collide with a carbon fiber approximately 5200 times before leaving the heatshield.
This corresponds to an estimate for an upper bound on the number collisions between PAH molecules
and fibers in a heatshield. In the opposite extreme, no collisions would occur if the particles were all traveling
parallel to the carbon fibers. This is an unrealistic assumption, as the length of the carbon fibers is expected
to be on the order of 650 µm (Sec. II.A), which is much smaller than the expected size of the pyrolysis layer
(∼ 1 cm). Furthermore, the mean free path of the molecules was estimated to be less than 1 µm. Under
these conditions, the molecules are not expected to remain parallel to the fibers. As was previously shown
in Fig. 2, the fibers are expected to be aligned in a random manner. Because of this random structure, and
the random motion of the molecules (due to Brownian collisions), a more advanced model would be required
to more accurately estimate for the number of collisions between PAH molecules and fibers. Some work has
been done investigating the microscopic structure of PICA through the use of numerical simulations [61],
though this is outside the scope of this work.
It is interesting to note that the collision rate, Θ, is no longer a function of nC24H12 , but is constant
because n∗ is constant. If every collision between a PAH molecule and a carbon fiber were to result with the
PAH molecule being deposited on the carbon fiber, then
dnPAH
dt
= −knPAH , (9)
where k is once again a rate constant. Unlike Eq. 5, Eq. 9 is linear in nC24H12 , since only collisions between
PAH molecules and fibers, and not collisions between PAH molecules and other PAH molecules are being
considered. Combing Eq. 8 and Eq. 9 gives
dnC24H12
dt
= −dfCn∗nC24H12 . (10)
The solution to this ODE is
nC24H12(t) = n
◦
C24H12e
−dfCn
∗t, (11)
where n◦C24H12 = nC24H12(t = 0), the initial number of C24H12 molecules per unit volume. Evaluating Eq. 11
with T = 1000 K, P = 50 kPa, and XC24H12 = 0.01 or XC24H12 = 0.1, at t = 0.001s, results in essentially
none of the original PAH molecules remaining. Even if the right hand side of Eq. 9 is divided by 1000,
and assuming XC24H12 = 0.01, Eq. 11 predicts that 99% of the PAH species will be removed at t =0.001 s.
This results is very similar to the PAH-PAH collision results; the carbon deposition prediction is relatively
insensitive to the assumptions that went into the collision model. These calculations once again imply that
it is likely that carbon deposition on the fibers will occur.
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Primarily, it is challenging to estimate a sticking efficiency for what percentage of collisions between a
coronene molecule and a fiber will remove a C24H12 molecule from the gas mixture. More work needs to be
put into quantifying how much mass deposition will occur on the solid fibers due to heterogeneous reactions.
In the future, it might be possible to experimentally measure a sticking efficiency for the PAH molecules and
fibers, similar to what is done for soot formation. Even though it is hard to draw quantitative conclusions
from this analysis, the results suggest that heterogeneous collisions will affect the overall evolution of the
pyrolysis gas mixture.
V. Effect of Carbon Deposition
When the pyrolysis gas flows through a porous medium consisting of carbon fibers, the previous sections
showed that a large number of PAH-PAH and PAH-fiber collisions are expected. Preliminary calculations
also showed that soot formation, and surface deposition reactions are highly probable. Surface reactions will
also likely be encouraged due to the relatively large size of the carbon fibers (µm), compared to the PAH
molecules (A˚), and soot nuclei (nm). Heterogeneous reaction rates are still widely unknown, and previous
works have only focused on oxidation reactions with respect to the fibers [68]. The potential for solid carbon
deposition, through “soot” or PAH/fiber collisions, and the effect that this has on the pyrolysis gas mixture
is a topic that has not received much attention previously. In order to determine whether or not solid carbon
deposition on the fibers will affect the bulk properties of the pyrolysis gas, the following models are proposed.
V.A. Model #1
To mimic the porous flow of increasing temperature towards the surface of the heat shield, we propose
the following model, based on thermodynamic equilibrium calculations. At every temperature considered,
any coronene present in the gaseous mixture is removed (due to the high number of collisions predicted in
Sec. IV.C), and then the enthalpy of the remaining mixture is re-evaluated. The calculations are performed
over a temperature range between 230◦C and 1800◦C. 1800◦C is a good approximation of the temperature
that the surface of a heat shield would experience during atmospheric entry.
This simple model assumes that any carbon predicted to be in a large PAH molecule is likely to form
a solid carbon substance. This assumption accounts for gas-phase nucleation of soot particles, which are
then deposited inside of the heatshield, as well as heterogeneous reactions between a PAH molecule and a
carbon fiber that result in a PAH molecule “sticking” to a carbon fiber. A slight variant of this model is
also proposed such that any hydrogen content from coronene is added back into the overall gaseous species
composition. This accounts for the dehydrogenation effect previously mentioned [47, 48]. This method is
referred to as Model #1, and is outlined by the following equations:
Y∗(T, P ) = YEQ(T, P,Y◦) (12)
YM1i6=C
24
H
12
(T, P ) = Y ∗i (T, P ) (13)
YM1C
24
H
12
(T, P ) = 0 (14)
hM1(T, P ) =
ns∑
i=1
hi(T )Y
M1∗
i (T, P ) (15)
where the superscriptM1 refers to Model #1, and Eq. 12 is a thermodynamic equilibrium calculation holding
T and P constant, for a chosen constant initial elemental composition (Y◦) of the pyrolysis gas mixture.
The mass fractions, YM1, are normalized before Eq. 15 so that
ns∑
i=1
YM1∗i (T, P ) = 1. P is held constant at
50 kPa, and T is varied. A slight variation to this model where H is added back into the mixture is outlined
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by:
Y∗(T, P ) = YEQ(T, P,Y◦) (16)
YM1Hi6=C
24
H
12
,i6=H
2
(T, P ) = Y ∗i (T, P ) (17)
YM1HH
2
(T, P ) = Y ∗H
2
(T, P ) + 6
WH
2
WC
24
H
12
Y ∗C
24
H
12
(T, P ) (18)
YM1HC
24
H
12
(T, P ) = 0 (19)
hM1H(T, P ) =
ns∑
i=1
hi(T )Y
M1H∗
i (T, P ) (20)
where the superscriptM1H refers to Model #1 - Add H, and Eq. 16 is once again a thermodynamic equilib-
rium calculation holding T and P constant, for a chosen initial elemental composition (Y◦) of the pyrolysis
gas mixture. The mass fractions, YM1H, are again normalized before Eq. 20, so that
ns∑
i=1
YM1H∗i (T, P ) = 1.
For both variants of Model #1, no changes in hM1 or hM1H are observed if another thermodynamic equi-
librium calculation is performed on the modified mixtures (YM1∗ and YM1H∗).
V.B. Model #2
Model #2 accounts for the fact that Model #1 does not consider the time history of the pyrolysis gas
flowing through the porous layer. As the pyrolysis gas travels towards the surface of the heat shield, the
local temperature increases, and carbon may be deposited at various locations in the heatshield. In order to
take the flow history into account, a simple integration through the pyrolysis/char layer is performed using
temperature as the integration variable. This approach once again assumes that the time scale associated
with removing the carbon char from the flow is small compared to the time scale associated with the
convection of the pyrolysis gases through the heatshield. This method is referred to as Model #2 (M2), and
it is outlined by the following equations:
Y∗(j) = YEQ(T (j), P,YM2∗(j − 1)) (21)
YM2i6=C
24
H
12
(j) = Y ∗i (j) (22)
YM2C
24
H
12
(j) = 0 (23)
hM2(j) =
ns∑
i=1
hi (T (j))Y
M2∗
i (j) (24)
where Eq. 21 corresponds to a thermodynamic equilibrium calculation at the specified temperature and
pressure, based on the elemental composition from the previous iteration. The mass fractions, YM2(j),
are normalized before Eq. 24 so that
ns∑
i=1
YM2∗i (j) = 1. j corresponds to the index of an array, where
j = 1, 2, ..., 1000. YM2∗(0), the initial condition, is defined to be the thermodynamic equilibrium composition
at 230◦C, 50 kPa, and a chosen composition of Y◦. As YM2(j) is now a function of YM2(j−1), any carbon
that is removed from the mixture at lower temperatures is no longer present in the mixture at higher
temperatures. A temperature array is defined to be T (j) = 230◦C+j · 1.57◦C, in order to use 1000 points
through the desired temperature range. A large number of temperature iterations are used in order to mimic
thermodynamic quasi-equilibrium throughout the heat shield. Increasing the number of points used had no
effect on the resulting enthalpy calculations.
Again, a slight variant of this model is also proposed (M2H) such that any hydrogen content from
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coronene is added back into the overall gaseous species composition, and is outlined by:
Y∗(j) = YEQ(T (j), P,YM2H∗(j − 1)) (25)
YM2Hi6=C
24
H
12
, 6=H
2
(j) = Y ∗i (j) (26)
YM2HH
2
(j) = Y ∗H
2
(j) + 6
WH
2
WC
24
H
12
Y ∗C
24
H
12
(j) (27)
YM2HC
24
H
12
(j) = 0 (28)
hM2H(j) =
ns∑
i=1
hi(T (j))Y
M2H∗
i (j), (29)
where Eq. 25 corresponds to a thermodynamic equilibrium calculation at the specified temperature and
pressure, based on the elemental composition from the previous iteration. The mass fractions, YM2H(j),
are again normalized before Eq. 29 so that
ns∑
i=1
YM2H∗i (j) = 1
V.C. Results
The enthalpy of the mixtures are plotted in Fig. 14, Fig. 15 and Fig. 16, for original elemental compositions
(Y◦) of 0%, 35%, and 60% char yield, respectively. The enthalpy of the mixture calculated with a standard
thermodynamic equilibrium calculation at constant temperature and pressure (no removal of carbon) is also
shown.
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Figure 14: Enthalpy comparison using different models to account for solid char deposition. The original
elemental composition corresponds to a 0% char yield.
As expected, a larger discrepancy is seen between the carbon deposition models and the thermodynamic
equilibrium calculations for the compositions that initially include more carbon (0% char yield). This is
because the high carbon content in these mixtures favors the formation of coronene. The main discrepancy
between Model # 1 and Model # 2 is seen at higher temperatures. This is due to the constant removal of
carbon from the mixture as the temperature is increased for Model #2. Once a significant quantity of carbon
is removed from the gas mixture, the formation of PAH molecules is no longer encouraged, and a relatively
linear increase in enthalpy is seen as temperature increases. This is attributed to a relatively constant cp
value in this temperature range. These plots indicate that for regions in the pyrolysis layer where there is a
high concentration of carbon present in the gaseous phase, solid carbon deposition will greatly influence the
enthalpy of the mixture. Finally, the differences between Model #1 and Model #2 at higher temperatures
indicate that taking into account the history of the pyrolysis gas flow is important. Where soot formation, or
solid carbon deposition occurs in the heat shield will effect where the elemental composition of the pyrolysis
gas changes. The species composition and elemental composition of the pyrolysis gas will continue to change
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Figure 15: Enthalpy comparison using different models to account for solid char deposition. The original
elemental composition corresponds to a 35% char yield.
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Figure 16: Enthalpy comparison using different models to account for solid char deposition. The original
elemental composition corresponds to a 60% char yield.
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as the gas flows from the pyrolysis layer, through the char layer, and into the boundary layer, and should be
accounted for in material response models.
VI. Analysis of Experimental Results
All of the previous sections have quantitatively shown the effect that different modeling assumptions (i.e.,
equilibrium vs. finite-rate kinetics) have on the pyrolysis gas mixture. In order to investigate the validity
of some the assumptions previously made, a detailed analysis of available experimental data is performed in
order to determine whether or not experimentally measured pyrolysis gases are in a state of thermodynamic
equilibrium, and to investigate the range of elemental compositions observed in previous studies.
In 1967, Sykes [16] produced the first detailed report in the aerospace community on the composition of
the pyrolysis gases produced by the thermal decomposition of a phenolic resin. A commercially available
novolac-type resin (Union Carbide Corporation - BRP 5549) premixed with hexamethylenetetramine was
used in this study. The resin was cured, and ∼ 7 mg samples were tested. These specimens were placed in
a pyrolyzer attached to a gas chromatograph [69]. The samples were heated to a desired temperature for 10
seconds, and then the temperature was quenched. Temperatures from 100◦C to 1000◦C were analyzed at
50◦C intervals. A detailed explanation of the experimental set-up can be found in [70].
The experimental data collected by Sykes [16] are shown in Fig. 17 and are compared to equilibrium
calculations with the same H:C:O composition. The elemental composition of the pyrolysis gas measured by
Sykes [16] varies at each temperature (Table 3), and was used in the equilibrium calculations shown in Fig. 17.
The gas mixture contains the same 55 species used throughout this paper, and includes additional species
measured by Sykes (toluene - C7H8, phenol - C6H5OH and xylenol - (CH3)2C6H3OH). References for the
thermodynamic data for the added species can be found in Appendix C. Results comparing the experimental
measurements and numerical calculations are shown in Fig. 17. It is clear that the experimentally-measured
gas mixture is not in thermodynamic equilibrium, and the greatest relative discrepancy is seen in the amount
of C7H8, C6H5OH and (CH3)2C6H3OH present around 500
◦C. At 500◦C and 550◦C, the equilibrium calcu-
lations predict XC
24
H
12
≈ 0.04 and XC
24
H
12
≈ 0.02 at the two temperatures, respectively. This corresponds
to YC
24
H
12
≈ 0.4 at 500◦C and YC
24
H
12
≈ 0.2 at 550◦C. Again, the species with the largest C/H ratio is
favored from a thermodynamic standpoint. As discussed in Sec. III.A.5, at these relatively low temperatures,
not accounting for gas condensation/solidification may effect the thermodynamic equilibrium calculations
performed.
Under these experimental conditions, the kinetics of the decomposition of the resin, specifically the finite
time needed for the observed large hydrocarbon molecules to break down, plays a large role in accurately
predicting the composition of the pyrolysis gases. In summary, an equilibrium assumption does not accurately
predict the composition of the gas mixture (Fig. 17).
Trick et al. [26] performed a similar experiment to Sykes [16], except that a composite material (fibers and
resin) was used, unlike the neat resin analyzed previously. A Fiberite Inc. commercially available carbon
phenolic composite material was used, designated SC1008/T300. This material has Amoco heat-treated
T300 carbon fibers impregnated with a resole resin [46]. The samples were pyrolyzed in a thermogravimetric
balance, and a constant heating rate of 1◦C/min was used. Fourier transform infrared spectroscopy (FTIR)
was used to analyze the experiments. These measurements were combined with pyrolysis gas composition
measurements performed in other studies [71, 72], and this data has been converted to elemental mole
fractions in Table 4. The experiments did not distinguish between phenol C6H6O and cresol (C7H8O, and
referred to the combination of the two as “low molecular weight substances (LMS)”. They also provided
different compositions over three different characteristic temperature ranges. In Table 4, the first two lines
represent the same experimental measurement, with the first line assuming that all of the LMS observed
can be attributed to phenol, and the second line assumes that all of the LMS observed can be attributed to
cresol. The results are similar for each assumption, and bound the possible composition range. The results
show a large change in the elemental composition of the pyrolysis gases over the different temperature ranges
(consistent with the results from Sykes [16]).
Combining the previous experimental data for the elemental composition of the pyrolysis gases produced
from a phenolic resin, over a large range of temperatures, results in a large range of values, as shown in
Fig. 18. This plot contains values for temperatures above 300◦C so that the results are not affected by
the resin cure time [16]. The shading for Trick et al.’s [46] data at low temperatures represents the range
previously described due to measuring a combined fraction of cresol and phenol. It is hard to quantitatively
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Table 3: Calculated elemental composition of measured pyrolysis gases over a large temperature range
measured by Sykes [16].
Temperature (◦C) C (molar) H (molar) O (molar)
100 0.000 0.667 0.333
150 0.000 0.667 0.333
200 0.000 0.667 0.333
250 0.000 0.667 0.333
300 0.000 0.667 0.333
350 0.000 0.667 0.333
400 0.202 0.586 0.212
450 0.211 0.594 0.195
500 0.368 0.534 0.098
550 0.319 0.573 0.108
600 0.273 0.644 0.083
650 0.225 0.690 0.085
700 0.164 0.769 0.067
750 0.103 0.849 0.048
800 0.044 0.929 0.027
850 0.030 0.954 0.015
900 0.009 0.991 0.000
950 0.000 1.00 0.000
1000 0.000 1.00 0.000
Table 4: Calculated molar elemental composition of the pyrolysis gases reported by Trick et al. (Table 2
in [26]).
Temperature Range (◦C) C (molar) H (molar) O (molar)
300-550 (100% Phenol) 0.400 0.466 0.133
300-550 (100% Cresol) 0.389 0.500 0.111
400-800 0.108 0.792 0.010
560-900 0.071 0.788 0.141
estimate the error associated with the experimental measurements, as there is a contribution both from
experimental error, and errors associated with not all mass of gaseous species being accounted for. Ongoing
work by Wong et al. [33] should rectify potential conservation of mass issues. In addition, as outlined in
Sec. II.C, a range of char compositions has been observed experimentally. Figure 18 shows that the constant
gas compositions used in previous numerical studies represents a simple average composition over a large
temperature range. As shown in the previous sections, this over-simplification of the pyrolysis gas elemental
composition has significant effects on the pyrolysis gas composition and properties.
When comparing data reported by Trick et al. [46] to the data reported by Sykes [16], the effect of
measuring gas species over a large temperature range must be accounted for. The data reported by Trick et
al. [46] represents an integration of the pyrolysis gas products over a temperature range. However, neither
the elemental composition nor the volume of pyrolysis gas evolved is constant with temperature. For proper
comparison, the data set reported by Sykes [16] must be integrated over temperature in a manner similar
to the data set reported by Trick et al. [46]. Figure 19 shows the resulting comparison with Sykes’ [16]
data. Discrepancies are still observed between the two studies, and further experimental investigations are
required to describe the observed differences.
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Figure 17: Experimental data reported in Table 1 of [16] compared to thermodynamic equilibrium calcula-
tions.
VII. Constrained Equilibrium Calculations
A constrained equilibrium calculation allows one to apply different linear constraints to a chemical mix-
ture, and then perform an equilibrium calculation calculation keeping the specified constraint(s) constant.
Simple examples of constraints include the mass fraction of an individual species, and the sum of the mass
fractions of two different species. While the pyrolysis gas mixture measured by Sykes [16] is not in thermo-
dynamic equilibrium (as shown in Sec. VI), it may still be possible for the pyrolysis gases to be in a state of
constrained thermodynamic equilibrium. This section is geared towards investigating the feasibility of using
constrained equilibrium calculations to represent the pyrolysis gas mixture.
All constrained equilibrium calculations are performed using the CEQ code developed by Professor
Stephen B. Pope at Cornell University [73–75]. Constrained equilibrium calculations are performed based
on mass fractions, and include 58 total species (55 species model + 3 additional species measured exper-
imentally by Sykes [16]). Many constraints were experimented with, including general linear constraints
(summation of mass fractions of multiple species) and individual species constraints. As is shown in Fig. 20,
it was found that the experimental data could be well represented if individual species constraints were put
on CO2, C7H8, C6H5OH and (CH3)2C6H3OH.
From Fig. 20 several conclusions can be drawn. While the measured gases are not in thermodynamic
equilibrium at each temperature, the mixture composition is well-represented by a constrained equilibrium
calculation. The aromatic species measured are only present in a temperature range from ∼ 400 ◦C to
∼ 700 ◦C. Above this temperature, these species are no longer pyrolysis gas products. Below this temperature
these species have not yet been formed (i.e. they have not yet been liberated from the resin). A more detailed
explanation of the resin decomposition is given in Sec. A.B. C7H8, C6H5OH and (CH3)2C6H3OH represent
direct products from the decomposition of the resin, and this is why they are observed experimentally.
A comparison of mass specific mixture enthalpy is shown in Fig. 21 for the three different gas compositions
discussed (Sykes’ [16] data, an equilibrium mixture, and a constrained equilibrium mixture). While the
mixture composition changes drastically, the calculated enthalpies are still surprisingly similar. The largest
(albeit small) discrepancies are observed when there is a strong concentration of aromatic species (mid-
temperature range). These results are consistent with the computational results previously shown in Fig. 7.
This figure shows that for temperatures between ∼ 500◦C and ∼ 800◦C, the mixture enthalpy is fairly
independent of the gas species model used; but it is largely dependent on the elemental composition of the
gas considered. This is the same effect that is shown in Fig. 21. For temperatures ∼ 500◦C, the equilibrium
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Figure 18: Comparison of pyrolysis gas elemental compositions from experimental studies and computational
studies. Shaded areas represent the range in Trick et al.’s [46] data from the phenol/cresol combination.
Values taken from Milos and Chen [24] are approximate, as the original composition also includes some N
and Si. Values taken from Park et. al. [25] correspond to a pyrolysis gas mixture for a PICA heatshield.
calculations do not predict the mixture composition well, but the enthalpy is well re-produced. At higher
temperatures, the mixture composition measured by Sykes [16] is mainly hydrogen, so it is not surprising
that the mixture compositions and enthalpies are matched in this regime.
The same constrained thermodynamic equilibrium method is applied to the more complicated mixture
described in Sec. III.B. Constraints placed on individual species perform better, and two sample plots
showing the mixture reconstruction are shown in Fig. 22 and Fig. 23. A constraint is always placed on
phenol (A1OH), as the simulations performed in Sec. III.B assumed an initial composition of 100% phenol.
The kinetic decomposition of phenol therefore plays a very important role in the evolution of the gas mixture,
and is a logical choice for a species constraint. In addition, due to the important role that PAH molecules play
in pyrolysis gas mixtures, constraints are also placed on the PAH species present. As illustrated in Fig. 22
and Fig. 23, when more constraints are used, the mixture composition is more accurately represented. The
order of species constrained is: A1OH, A1C2H, A1, A2R5, A2C2HB, A2R5C2H, A2, and FLTN, which is
based on the predicted mass fractions present of these species at t = 1000 µs. In Fig. 22, Fig. 23, and Fig. 24,
the molecule CO is reconstructed accurately, even though it is not a constrained species. This is important
as it has been previously identified as a strong radiator (Sec. I).
Alternatively, a sum of the mass fractions of A1C2H, A1, A2R5, A2C2HB, A2R5C2H, A2, and FLTN,
is used as a constraint, in conjunction with a species constraint placed on A1OH. These results are shown
in Fig. 24. While visually it appears as this constraint does not do a good job at representing the mixture
composition, the enthalpy plot shown in Fig. 25 illustrates how the mass specific enthalpy of the mixture
is well-represented with this constraint. Unsurprisingly, as this idealized mixture starts entirely as phenol,
Fig. 25 shows that a large benefit is initially gained by constraining the mass fraction of phenol. At times
& 700 µs, when significant amounts of the original phenol start to react, discrepancies are seen between the
different constraint selections. In general, the more constraints that are used, the closer the enthalpy is to
that of the mixture calculated using finite-rate kinetics. However, the constraint based on the sum of the
aforementioned PAH species, while over predicting the concentration of the largest PAH species included
(FLTN, Fig. 24), the enthalpy of the mixture is better represented than constraining on 7 other species
individually. This highlights the importance of PAH species in these types of gas mixtures, and shows
that choosing the appropriate constraint when performing constrained equilibrium calculations can yield
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Figure 19: Comparison of pyrolysis gas elemental composition from the work of Trick et al. [46] and Sykes [16].
Shaded areas represent the range in Trick et al.’s [46] data from the phenol/cresol combination. Data from
Sykes has been integrated over the temperature ranges that Trick reports.
significant benefits.
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Figure 20: Experimental data reported in Table 1 in [16], converted to mass fractions, and compared to
constrained equilibrium calculations.
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Figure 21: Comparison of mixture enthalpies based on experimental data reported in Table 1 in [16].
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Figure 22: Comparison of mixture composition for finite-rate chemistry results and constrained equilibrium
calculations constraining on A1OH. Lines represent finite-rate chemistry results, and symbols represent
constrained equilibrium calculations. T = 230◦C + 1.57◦C · t, where T is in ◦C, and t is in µs. P = 50 kPa.
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Figure 23: Comparison of mixture composition for finite-rate chemistry results and constrained equilibrium
calculations constraining on 8 species. Lines represent finite-rate chemistry results, and symbols represent
constrained equilibrium calculations. T = 230◦C + 1.57◦C · t, where T is in ◦C, and t is in µs. P = 50 kPa.
32 of 47
American Institute of Aeronautics and Astronautics
D
ow
nl
oa
de
d 
by
 Ja
so
n 
Ra
bi
no
vi
tc
h 
on
 N
ov
em
be
r 1
6,
 2
01
6 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
4-2
246
 
400 500 600 700 800 900 100010
−6
10−4
10−2
100
t (µs)
Y
(M
a
ss
F
ra
ct
io
n
)
 
 
A1OH
CO
H2
C2H2
A1C2H
A1
FLTN
Figure 24: Comparison of mixture composition for finite-rate chemistry results and constrained equilibrium
calculations constraining on A1OH and the summation of mass fractions of A1C2H, A1, A2R5, A2C2HB,
A2R5C2H, A2, and FLTN. Lines represent finite-rate chemistry results, and symbols represent constrained
equilibrium calculations. T = 230◦C+ 1.57◦C · t, where T is in ◦C, and t is in µs. P = 50 kPa.
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Figure 25: Evolution of mixture enthalpy for the different gas mixtures calculated through constrained
equilibrium calculations.T = 230◦C+ 1.57◦C · t, where T is in ◦C, and t is in µs. P = 50 kPa.
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VIII. Summary and Discussion
Current kinetic models are not advanced enough to capture all aspects of the phenolic resin decomposition,
including phase transition from solid to gaseous species, decomposition products, heterogeneous reactions,
soot formation, etc. On a more basic level, despite the continued investigation of the decomposition of
phenol (which is a major component of the resin), there is still a debate about the primary mechanism for
this decomposition, and the primary products that are created [76–84]. A review of previous work on phenol
decomposition can be found in [82], which illustrates a long debate over the primary reaction involved in
the thermal decomposition of phenol. Due to the complicated nature of this system, it is clear that reduced
“engineering” models are needed for design purposes.
Based on the detailed investigation performed in this work, it is now possible to create a fuller, more
consistent description of many of the physical phenomena, and their implications, occurring in an ablative
heatshield.
• The solid constituents of phenolic resin are known (see Sec. II.B and Appendix A). Any minor variations
in resin composition, possibly due to cross-linking density or impurities, will not be a leading source of
error for modeling efforts. An elemental composition of C:H:O = 0.500:0.429:0.071 by mole is believed
to be a good choice for the resin composition.
• A mass-loss model used to determine the mass and composition of pyrolysis gas produced [30] currently
appears (in the author’s opinion) to be the most viable method to approach the initial decomposition
of the solid resin, i.e., solid→gas phase transformation. The model is consistent with charring; not all
of the solid resin undergoes a phase transformation, and some mass remains behind as char.
• The mass-loss model [30] does not assume that the pyrolysis gases produced have a constant elemental
composition over time and temperature. The model was derived to be consistent with experimentally
observed pyrolysis gas products (see Sec. VI). The temperature varies as a function of depth in the
heatshield; therefore different pyrolysis products will be produced at different depths in the heatshield.
• The gaseous pyrolysis products must now be modeled. To predict the correct species composition of
the gas mixture initially formed from the resin decomposition, constrained equilibrium calculations can
be used. Constraints should be placed on the large aromatic species that are the direct products of
the decomposition of the resin (Fig 20).
• As the pyrolysis gases continue to evolve, if the correct elemental composition is used for 500◦C.
T . 800◦C, the mass specific enthalpy of the mixture can be well represented (Fig. 7 and Fig. 21)
by a thermodynamic equilibrium calculation. For T & 1200◦C, the mass specific mixture enthalpy
depends largely on the gas model used (Fig. 7). For a gas model to be accurate over a large range
of temperatures, both the mixture elemental composition must be known, and an accurate gas species
model must be used that includes PAH species (Fig. 4 and Fig. 6).
• The formation of PAH species at higher temperatures through gas phase reactions is supported both
by thermodynamic equilibrium calculations (Fig. 4 and Fig. 6) and calculations based on finite-rate
kinetics (Fig. 9).
• Once the PAH species are formed, they are expected to be deposited on the fibers; particle growth
through vapor phase nucleation (see Sec. IV.B) and heterogeneous reactions with the carbon fibers
(see Sec. IV.C) will remove carbon from the gas mixture.
• This solid carbon deposition changes the elemental composition (C:H:O) ratio of the gas mixture,
therefore changing the bulk properties of the gas mixture (Fig. 14, Fig. 15, and Fig. 16).
• Due to the slow time scales involved with PAH formation, a thermodynamic equilibrium approach
should not be used (Fig. 9 and Fig. 10).
• Preliminary constrained equilibrium calculations show that with an intelligent choice of constraint
based on PAH species, the mixture properties can be well approximated if the slow time scale associated
with PAH formation were to be known (Fig. 25).
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Further experiments and investigations are still needed to accurately measure/simulate the evolution of
PAH species in conditions relevant to pyrolysis in ablative heatshields. Once these time scale are known
with more certainty, it will be possible to model the pyrolysis gas mixture with more accuracy. In addition,
the effects of diffusion have been neglected in this work. Mass diffusion will likely play a role internal to the
heatshield itself, and near the surface of the heatshield in the char layer. Near the surface of the heatshield
it is possible for atmospheric gas from the boundary layer to diffuse into the char layer. Some authors have
investigated this effect [61], though this is still an open research topic. In addition, species diffusion will
occur inside of pyrolysis layer, when porous flow is occurring. State of the art computations [30] have not
been able to account for species diffusion with detailed kinetic models, and this is also a topic for future
work.
IX. Conclusion
A detailed investigation into the pyrolysis gases produced by a PICA heatshield was performed in this
work. Published physical properties of PICA were compiled, and the fundamental processes that go into
phenolic resin synthesis were explained, providing a needed link between the physical properties of solid
PICA, and the pyrolysis gases that are created when PICA starts to undergo a thermal decomposition. The
implications of including or excluding certain species in the gas model were illustrated, and an emphasis
was specifically placed on the need to include PAH species in the gas mixture. The effect of solid carbon
deposition, a phenomena associated with the presence of PAH species, was predicted to have an effect on the
elemental composition of the gas mixture, and on the bulk properties of the mixture. The kinetic evolution
of the pyrolysis gas mixture was also investigated, and the assumption of thermodynamic equilibrium vs.
finite-rate kinetics was evaluated. In order to model the pyrolysis gas mixture in a consistent and accurate
way, an equilibrium approach is inadequate, and a method to account for the finite time scale associated
with PAH formation should be used. Constrained equilibrium calculations were shown to reproduce the
mass specific mixture enthalpy of the pyrolysis gases well, if a time scale associated with PAH formation
were to be known.
Future work should focus on two of the unknowns identified in this work; the rate of solid carbon
deposition, and a timescale associated with PAH formation under conditions relevant to pyrolysis. Once an
accurate timescale for PAH formation can be determined, combined with the RCCE method, it is believed
that an engineering model could be developed to accurately track the kinetic evolution of the pyrolysis gases
inside of the heatshield. Additionally, experimentally quantifying the effects of solid carbon deposition could
validate the previously proposed sooting and collision models accounting for this effect. Finally, effect of
mass diffusion inside of the heatshield could be investigated in the future as well.
The detailed investigation into the reacting pyrolysis gas mixture in this paper allowed a consistent, and
more detailed description of many of the physical phenomena occurring in a PICA heatshield, and their
implications, to be created.
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A. Resin Synthesis
This section provides an overview of some of the possible synthesis processes used for making phenolic
resins. All mechanisms and properties are adapted from [16], [35], [39], and [26], and the references mentioned
therein.
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A.A. General
Novolac and resole resins are synthetic polymers (3), generated via the co-polymerization of phenol (1)
and formaldehyde (2), in the presence of an acid or base catalyst respectively (Fig. 26). Although the
polymers generated using an acid catalyst (novolac resins) are structurally similar to those generated using
a base catalyst (resole resins), their structure and composition often differ. With respect to the simplified
polymer structure (3) shown in Fig. 26, these differences include variations in cross-linking density (n),
amount of 2,2′-methylene (CH2) linkages (m) vs. 2,4
′-methylene linkages (q), ether linkages (CH2OCH2)
(p), and nitrogen incorporation (CH2NHCH2) (o). A more detailed discussion regarding the synthesis, and
subsequent compositional differences of novolac and resole resins is given in Sec. A.C.
OH
HO
OH
OH
CH2CH2 CH2
n
OH
1
O
H H
2
+
A) Acid
(Novolak Resin)
B) Base
(Resole Resin)
OH
HO
q
m
CH2 OH
CH2
O OH
H
N OH
p
HO o
3
HO
2
2'
2 4'
OH OH
HO
Figure 26: Synthesis of a phenolic resin by co-polymerization of phenol and formaldehyde under acidic
conditions (i.e. novolac resins) or basic conditions (i.e. resole resins).
The method employed to synthesize the resin results in compositional differences such as the cross-linking
density, as well as the number of nitrogen and oxygen linkages present. This will affect the resulting physical
properties of the resin, including hardness as well as chemical and thermal stability. Generally, resins
synthesized by acid catalysis (novolacs) comprise a more limited structural range then those synthesized by
base catalysis (resoles), and thus resole resins generally result in products with more diverse properties. It
is worthy to note that cure times, as well as temperatures, are dependent upon the structure of the uncured
resin following polymerization. Furthermore, the presence of impurities such as residual water, phenol, and
acid or base catalysts can also affect the extent of the cure.
A.B. Curing and Decomposition Characteristics
The composition of a resin can also be modified post-polymerization by application of a subsequent curing
step. In the curing step, excess formaldehyde (or a formaldehyde source), sufficient heat (typically ∼ 150◦C),
and/or an acid or base catalyst is applied in order to promote the cross-linking of any remaining unjoined or
open sites. The high temperatures employed can also result in elimination of the ether and amine linkages
(o and p in 3) to give methylene linkages (Fig. 27). For example, pre-cured novolacs containing an increased
amount of 2,2′-methylene linkages (e.g. high ortho novolacs, see Sec. A.C.2) cross-link more easily, and cure
faster than those predominantly comprised of 2,4′-linkages.
OHHOOHHO
O ∆
- 2
Figure 27: Conversion of ether to methylene linkages upon curing.
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The extent of curing is important as this will also affect the resulting composition and properties of the
resin, as well as the pyrolysis gases evolved. At approximately 300◦C, any remaining ether (p in 3) and
nitrogen (o in 3) linkages will begin to break forming aldehydes, cresols, and azomethines (which can also
cause coloring). Furthermore, at this stage any small molecules that were trapped from the manufacturing
process will be released, such as excess phenol, water, formaldehyde, ammonia etc. Substantial decomposition
of the resin occurs at approximately 400◦C, due to cleavage of the phenolic hydroxyl groups as well as the
methylene linkages. These processes generate reactive oxygen species, which can further accelerate the
breakdown of the methylene linkages via oxidation to hydroperoxide, ketone, and alcohol intermediates,
which rapidly decompose. Volatile byproducts are formed such as water, hydrogen, methane (CH4), carbon
monoxide (CO), carbon dioxide (CO2), and phenols. Little shrinkage of the resin occurs, because many of
the methylene cross-linkages are replaced by carbon-carbon bonds that form between two aromatic rings
directly. At approximately 600◦C, substantial shrinkage occurs as a result of the formation of additional
carbon-carbon bonds between aromatic rings, resulting in a polyaromatic char (typically, approximately 60%
of the original resin). Substantial quantities of pyrolysis gases are liberated, composed mainly of hydrogen,
but also methane, volatile aromatic compounds (such as phenol or benzene), water, carbon monoxide, and
carbon dioxide. Finally, although the char ignites at 900◦C, controlled decomposition of phenolic resins in
an inert atmosphere in the presence of other forms of carbon (e.g. carbon fibers, coke, synthetic graphite)
can be used to yield stable, glassy composites.
A.C. Synthesis of Novolac Resins
Novolac resins are synthesized by acid-catalyzed polymerization of phenol and formaldehyde (Fig. 28). Typ-
ically 0.1% - 2% (by mole) of acid catalyst is used. An acidic medium favors the production of linear
polymers (in which repeat units are comprised of di-substituted phenol units). As substitution on phenol
(1) increases, its reactivity towards formaldehyde decreases. As a result, excess phenol is added in order to
achieve a controlled polymerization. This is effective up to molecular weights of ∼1000 g/mol, beyond which
the concentration of end groups and unreacted phenol becomes too low, and polymer branching (in which
repeat units are comprised of tri-substituted phenol units) becomes competitive with linear chain growth.
With the addition of a cross-linking agent, the polymer is then cross-linked in a second, subsequent step
in which the polymer chains are joined via additional 2,2′- or 2,4′-methylene linkages between open sites
(highlighted in Fig. 28).
In terms of resin composition, it is worth mentioning that because benzylic alcohols (10) are unstable
in the presence of strong acids, and resins synthesized using strong acid catalysts are generally devoid of
ether linkages. However, ether linkages may be produced in small amounts when weak acid catalysts (such
as oxalic acid) are employed (see Sec. B for a more detailed explanation). In the curing step for these
resins, nitrogen-containing compounds, such as hexamethylenetetramine (4), are often employed as a source
of formaldehyde (2). Figure 29 outlines how 4 serves as a source of 2. Typically 5% - 15% (by mole) of 4
is utilized; as a result, varying amounts of nitrogen is often incorporated in novolac resins due to competing
reactions of phenol (1) with imine (5).
A.C.1. Brønsted Acid Catalysts - Novolac Resins
Figure 30 gives a generalized mechanism for polymerization under Brønsted acidic conditions. In water,
formaldehyde (2) exists primarily in its hydrate form (7), which is a commercially available as formalin.
Compound 7 is protonated in the presence of a Brønsted acid, such as sulfuric acid (6), a representative
strong acid, generating 8 which expels water to provide protonated formaldehyde 9. Compound 9 then
engages in electrophilic aromatic substitution with phenol (1). Although either C2 or C4 of phenol can
react, a reaction at C4 is favored. In strong acid, the resulting benzylic alcohol (10) has a very short
lifetime, and rapidly undergoes proton transfer providing 11. In weak acid, 11 is in an equilibrium with its
unprotonated form (which can yield additional byproducts, discussed in Sec. B). Compound 11 then reacts
with a second equivalent of phenol (1). Again, the reaction preferentially takes place at the C4 position,
generating 12 which leads to 13 as the major product (bearing a 4,4′-methylene linkage). Compounds 15
and 19 are generated in an analogous manner as shown.
The major product 13 only has open sites at the C2 position, so formaldehyde (2) will next add at the
C2 position. The entire pathway described in Fig. 30 is then repeated with preferential substitution at C4 of
phenol (1). In the end, this yields a polymer comprised of predominantly 2,4′-methylene linkages (typically
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OH
HO
HO
HO
cured Novolak resin (crosslinked polymer)
HO
HO OH
HO
OH
HO
HO
HO HO
HO OH
HO
pre-cured Novolak resin
OH
OH
OH
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O
H H
2
+
excess
acid
catalyst
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OH
OH
OH
OH
crosslinking 
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OH NH2
OH
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Figure 28: General synthetic scheme for the production of a novolac resin.
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H H
+ NH36
H2O 4 H2O
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H H
4
O
H H
+2
2 2
4
5C6H12N4
6
+
4
Figure 29: Hexamethylenetetramine (4) as a source of formaldehyde (2).
∼50%-75%): the remaining linkages are primarily 4,4′-methylene units (∼20%), and only small amounts of
2,2′-methylene units are produced (∼5%).
A.C.2. Lewis (Neutral) Acid Catalysts - High Ortho Novolac Resins
Figure 31 gives a plausible mechanism for polymerization under Lewis acid conditions. Initially, phenol (1)
forms a coordination complex (21) from reaction with a divalent metal precursor (20) (M = Zn, Mg, Mn,
Cd, Co, Pb, Cu, or Ni). Complex 21 can coordinate formalin (7), which directs the initial addition to C2,
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Figure 30: Brønsted acid-catalyzed reaction of phenol with formaldehyde.
generating 22. Compound 22 undergoes proton transfer yielding 23, which then unselectively reacts with
phenol (1) at either C4 or C2 to form 15 and 19 respectively. This entire process is repeated as in Fig. 31,
thus producing a polymer exhibiting a high content of 2,2′-linkages (typically 45% [2,2′], 45% [2,4′]). In
addition, as benzylic alcohol intermediates are present, ether linkages are also produced as minor byproducts
(∼10%) (see B).
A.D. Synthesis of Resole Resins
Resole resins are synthesized by base-catalyzed polymerization of phenol and formaldehyde (Fig. 32). Typ-
ically ∼1% - 12% (by mole) of base catalyst is used. A basic medium favors the production of branched
polymers, because substitution of phenolate ions (generated from 1 under basic conditions) increases reac-
tivity towards formaldehyde. Similarly, these polymers often cross-link under the reaction conditions and
thus generally do not require the addition of a cross-linking agent in the curing step. As a result of this
polymethylolation of phenol, excess formaldehyde is added in order to achieve a controlled polymerization.
Regardless, resole resins will still often contain a small amount of unreacted, “trapped” phenol (∼5% - 15%
by mole). As benzylic alcohols are stable in the presence of base, resins synthesized using base catalysts also
generally contain a high amount of benzylic ether linkages (39) prior to curing (see Sec. B). However, these
linkages can be converted to the stronger methylene linkages (Fig. 27) upon heating in the subsequent curing
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Figure 31: Lewis acid catalyzed reaction of phenol with formaldehyde.
step. Fewer ether linkages are produced if weaker bases such as amine bases are used as catalysts instead of
sodium hydroxide (NaOH). However, in these cases a significant amount of nitrogen is incorporated. This
occurs as a result of reaction of phenolate ions with imines (5), which form from the reaction of formaldehyde
(2) with the amine catalyst (Fig. 29). The use of amine bases also typically results in polymers with higher
molecular weights, less free phenol, lower water solubility, and a higher glass transition temperature.
As a result of the spontaneous cross-linking of the polymethylol groups that occurs under the reaction
conditions for resole resins, the polymerization and curing processes can be conducted in one step; this is in
contrast to novolac resins in which polymerization and curing are always conducted in two separate steps.
Figure 33 gives a generalized mechanism for polymerization under basic conditions. Phenol (1) reacts
with base to form phenolate ion (24), which reacts with formaldehyde (2) (generated from formalin (7) in the
presence of base) to yield 25. Proton transfer produces mono-substituted phenolate ion (26), which reacts
with formaldehyde (2) analogously to 24, yielding phenolate (27). Substitution increases the reactivity of
phenolate ions: thus, reactivity increases in the order of 24 < 26 < 27. Reaction of phenolate (27) with 2
produces compound 28, which can eliminate hydroxide ion yielding 29. Reaction of 29 with phenolate ion
(24) produces 30. Proton transfer reactions result in 31 and then 32, which can continue to react with 24
in an analogous fashion to 29, producing 33, 34, and finally fully branched phenol (35). Polymerization
proceeds via further reaction of 35 and its intermediates until all of the formaldehyde is consumed, generating
highly branched polymers. Furthermore, these polymethylolated repeat units can also react with each other,
generating a highly cross-linked polymer network.
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Figure 32: General synthetic scheme for the production of a resole resin.
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Figure 33: Base-catalyzed reaction of phenol with formaldehyde.
B. Byproducts formed in synthesis of resins
Figure 34 illustrates representative examples of various byproducts that can be formed in the synthesis of
resins. Small (∼1% - 2% by mole) benzodioxane (37) impurities are found when weak acids (such as oxalic
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or phosphoric acid) are used, due to the small amounts of benzylic alcohols (36) that are produced and
react with protonated formaldehyde (9). This is not seen when sulfonic or sulfuric acid is used, as benzylic
alcohols rapidly decompose under strongly acidic conditions; instead, they remain fully protonated as 17.
However, 37 can liberate formaldehyde upon curing and can be subsequently reincorporated and cross-linked
as methylene bridges. Formation of benzylic alcohols (36) under weak or neutral acidic conditions, as well
as basic conditions, can also result in the production of varying amounts of benzylic ethers (38). However,
these also generally decompose to formaldehyde and methylene linkages upon curing (Fig. 27). Formation
of 39 can occur under any of the reaction conditions, and 39 can dimerize to produce 40. It is unlikely that
this byproduct will decompose under the curing conditions. Hence, it might remain trapped in the resin and
liberated as a pyrolysis gas at higher temperatures.
OH
OH
O
HH
H
9
OHO
HH
17
HO O
OH
OH O
H
OH
O
H
H
H
O
O
H O
O
OH
H
36
37
OH O
OHOH
H
38
O O
H H
17
O
39
H
O
H
H O
O
40
O
39
Figure 34: Byproducts formed in resin synthesis.
C. Pyrolysis Gas Model
The 55 species used for the pyrolysis gas mixture model are listed in Table 5. Even though no nitro-
gen content is assumed in this work, the entire model is included for generality. Only 8 species (C24H12,
C3H,C3H2-triplet, C4, C4H, C5, C5H, and C3H2-singlet) do not use the standard CEA data. The three
additional species used to model the work by Sykes [16] are shown in Table 6.
Table 5: 55 gas species model used to model the pyrolysis gas mixture.
Species Reference Name (if different) in Paper Figures
C Ref. [85]
C+ Ref. [85]
C2 Ref. [85]
C24H12 Ref. [53]
C2H Ref. [85]
C2H2, acetylene Ref. [85] C2H2
C2H2, vinylidene Ref. [85]
C2H4 Ref. [85]
C2H6 Ref. [85]
C2N2 Ref. [85]
C2O Ref. [85]
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C3 Ref. [85]
C3H Ref. [53]
C3H2, triplet Ref. [53] C3H2
C3H3, 2-propynl Ref. [85]
C3H4, allene Ref. [85]
C3H4, propyne Ref. [85]
C3O2 Ref. [85]
C4 Ref. [53]
C4H Ref. [53]
C4H2, butadiyne Ref. [85] C4H2
C4N2 Ref. [85]
C5 Ref. [53]
C5H Ref. [53]
C6H2 Ref. [85]
C6H6 Ref. [85]
CCN Ref. [85]
CH Ref. [85]
CH2 Ref. [85]
CH3 Ref. [85]
CH3CN Ref. [85]
CH4 Ref. [85]
CN Ref. [85]
CNC Ref. [85]
CO Ref. [85]
CO2 Ref. [85]
e – Ref. [85]
H Ref. [85]
H+ Ref. [85]
H2 Ref. [85]
H2O Ref. [85]
C3H2, singlet Ref. [53] HCCCH
HCN Ref. [85]
HNC Ref. [85]
HO2 Ref. [85]
N Ref. [85]
N2 Ref. [85]
NH Ref. [85]
NH3 Ref. [85]
NO Ref. [85]
NO+ Ref. [85]
O Ref. [85]
O+ Ref. [85]
O2 Ref. [85]
OH Ref. [85]
Table 6: References for additional 3 species used to model Sykes’ data [16].
Species Reference Name (if different) in Paper Figures
C7H8 Ref. [85]
C6H5OH Ref. [85]
(CH3)2C6H3OH Personal calculations [57, 58]
Thermodynamic data used in this thesis that is not available from the CEA [52 database in presented
below, using constant NASA polynomial fits [86], and shown in the input format for Cantera [54].
species(name="C24H12",
atoms = " C:24 H:12 ",
thermo = (
NASA9( [ 200.00, 1000.00], [ 1.383880670E+06, -1.053873090E+04, 4.417694380E+00,
2.338931650E-01, -2.612047160E-04, 1.520433220E-07,
-3.635641460E-11, 9.132072210E+04, -5.550829190E+01] ),
NASA9( [ 1000.00, 6000.00], [ 7.917402510E+06, -5.299587210E+04, 1.374419740E+02,
-1.056258770E-02, 2.038212660E-06, -2.098331830E-10,
8.905690460E-15, 3.233839640E+05, -8.591038290E+02] )
),)
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species(name="C10H8",
atoms = " C:10 H:8 ",
thermo = (
NASA9( [ 200.00, 1000.00], [-2.602845316E+05, 6.237409570E+03, -5.226095040E+01,
2.397692776E-01, -2.912244803E-04, 1.854944401E-07,
-4.816619270E-11, -1.114700880E+04, 2.972139517E+02 ] ),
NASA9( [ 1000.00, 6000.00], [ 5.906172110E+06, -3.163229240E+04, 7.030342030E+01,
-6.018865540E-03, 1.142052144E-06, -1.161605689E-10,
4.892844020E-15, 1.962567046E+05, -4.347848950E+02 ] )
),)
species(name="C3H",
atoms = " C:3 H:1 ",
thermo = (
NASA9( [ 200.00, 1000.00], [ -4.370697870E+04, 3.864188930E+02, 3.768803720E+00,
8.973917020E-03, -7.419268860E-06, 3.700122010E-09,
-8.337208180E-13, 8.239066050E+04, 6.490524130E+00] ),
NASA9( [ 1000.00, 6000.00], [ 1.061164700E+06, -4.180064720E+03, 1.221115430E+01,
-6.649242000E-04, 1.156319000E-07, -1.081795820E-11,
4.209683310E-16, 1.096660270E+05, -4.894138010E+01] )
), )
species(name="C3H2, singlet",
atoms = " C:3 H:2 ",
thermo = (
NASA9( [ 200.00, 1000.00], [ 1.571611930E+05, -1.805718300E+03, 1.144535590E+01,
-7.207286770E-04, 2.657982850E-06, -1.312447490E-09,
1.355365380E-13, 7.861045500E+04, -4.025988140E+01] ),
NASA9( [ 1000.00, 6000.00], [ 1.797943970E+06, -7.091352330E+03, 1.684099870E+01,
-1.180921210E-03, 2.096836660E-07, -2.000344190E-11,
7.927151790E-16, 1.121174950E+05, -8.070969030E+01] )
),)
species(name="C3H2, triplet",
atoms = " C:3 H:2 ",
thermo = (
NASA9( [ 200.00, 1000.00], [ -1.285712600E+04, 7.349430760E+01, 6.468831070E+00,
8.291493810E-03, -7.554556720E-06, 4.780476460E-09,
-1.325294590E-12, 6.276309600E+04, -7.594614420E+00] ),
NASA9( [ 1000.00, 6000.00], [ 1.974617930E+06, -6.712789200E+03, 1.618225050E+01,
-8.370312160E-04, 1.237531890E-07, -9.503648200E-12,
2.896386860E-16, 1.048523410E+05, -7.393045090E+01] )
), )
species(name="C4H",
atoms = " C:4 H:1 ",
thermo = (
NASA9( [ 200.00, 1000.00], [ 2.387116150E+05, -3.190597560E+03, 1.770049480E+01,
-1.352198470E-02, 1.904183020E-05, -1.205074560E-08,
2.926006000E-12, 1.121671410E+05, -7.760462490E+01] ),
NASA9( [ 1000.00, 6000.00], [ 1.393117560E+06, -6.387192280E+03, 1.709846550E+01,
-1.154160270E-03, 2.138718680E-07, -2.126358940E-11,
8.760314590E-16, 1.336746000E+05, -8.229773560E+01] )
),)
atoms = " C:5 H:1 ",
thermo = (
NASA9( [ 200.00, 1000.00], [ -4.221257120E+04, -2.670627130E+02, 8.727034160E+00,
1.017403710E-02, -5.707367690E-06, 1.279424970E-09,
-8.975136370E-15, 1.104880580E+05, -1.971612140E+01] ),
NASA9( [ 1000.00, 6000.00], [ 1.212530080E+06, -6.103203090E+03, 1.998790840E+01,
-1.135041710E-03, 2.132642460E-07, -2.147467780E-11,
8.948595310E-16, 1.448008030E+05, -9.393232520E+01] )
),)
species(name="(CH3)2C6H3OH",
atoms = "C:8 H:10 O:1 ",
thermo = (
NASA( [ 300.00, 1000.00], [-2.11293458E+00, 7.85176505E-02, -3.77077553E-05,
-7.65526959E-09, 9.28225883E-12, -2.20903042E+04,
3.84698808E+01] ),
NASA( [ 1000.00, 3000.00], [1.46057910E+00, 6.94131778E-02, -4.07352658E-05,
1.14191146E-08, -1.23365591E-12,
-2.27678245E+04, 2.06740013E+01 ] )
),)
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